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 ABSTRACT 
 In pasture-based dairy systems, supplementary feeds 
are used to increase dry matter intake and milk produc-
tion. Historically, supplementation involved the provi-
sion of the same amount of feed (usually a grain-based 
concentrate feed) to each cow in the herd during milk-
ing (i.e., flat-rate feeding). The increasing availability 
of computerized feeding and milk monitoring technol-
ogy in milking parlors, however, has led to increased 
interest in the potential benefits of feeding individual 
cows (i.e., individualized or differential feeding) differ-
ent amounts and types of supplements according to 
one or more parameters (e.g., breeding value for milk 
yield, current milk yield, days in milk, body condition 
score, reproduction status, parity). In this review, we 
consider the likely benefits of individualized supple-
mentary feeding strategies for pasture-based dairy cows 
fed supplements in the bail during milking. A unique 
feature of our review compared with earlier publica-
tions is the focus on individualized feeding strategies 
under practical grazing management. Previous reviews 
focused primarily on research undertaken in situations 
where cows were offered ad libitum forage, whereas we 
consider the likely benefits of individualized supple-
mentary feeding strategies under rotational grazing 
management, wherein pasture is often restricted to 
all or part of a herd. The review provides compelling 
evidence that between-cow differences in response to 
concentrate supplements support the concept of indi-
vidualized supplementary feeding. 
 Key words:   grazing ,  substitution ,  milk response ,  feed 
conversion efficiency 
 INTRODUCTION 
 Significant variability in commodity prices and 
perceived animal welfare concerns around permanent 
housing of livestock have led to increased global interest 
in grazing systems for dairy cows. Pastures, including 
temperate and tropical grasses and legumes, are, under 
most circumstances, the most cost-effective sources of 
nutrients (Peyraud and Delaby, 2001), with the cost of 
milk production declining quadratically with increased 
utilization of grazed pasture (Dillon et al., 2008). How-
ever, one of the challenges of a pasture-based system is 
the seasonal variation in pasture availability and nutri-
tive value (Chapman et al., 2008, 2009; Roche et al., 
2009b,c), resulting in the need to provide supplemen-
tary feed during periods of pasture or nutrient deficit. 
Even when there are no restrictions in the quantity 
and nutritive characteristics of pasture available, pas-
ture DMI is considered the primary factor limiting milk 
yield (Leaver, 1985; Kolver and Muller, 1998; Bargo et 
al., 2002; Kolver and de Veth, 2002; Dillon, 2006). This 
is of particular concern for cows with high genetic merit 
for milk production (Buckley et al., 2000a,b; Horan et 
al., 2006; Peyraud and Delagarde, 2013). Concentrate 
supplements are used in pasture-based systems as a 
management tool either to manage deficits in pasture 
supply (Holmes and Roche, 2007) or to increase overall 
DMI and milk production (Stockdale, 2000b; Bargo et 
al., 2003). 
 An issue with the successful use of concentrate sup-
plements in pasture-based systems is the variability in 
the milk response to these supplements (Leaver, 1985; 
Peyraud and Delaby, 2001; Bargo et al., 2003; Kellaway 
and Harrington, 2004; Holmes and Roche, 2007; Bau-
dracco et al., 2010a), with substitution of supplemen-
tary feed for pasture having the greatest influence on 
the milk production response (Stockdale, 2000b; Bargo 
et al., 2003). In general, the higher the rate of substitu-
tion of supplementary feed for pasture, the lower the 
average milk response to the supplement (Stockdale, 
2000b). Major factors contributing to substitution of 
supplements for pasture have been defined at the herd 
level, including pasture availability and nutritive char-
acteristics, cow genotype, stage of lactation, and type 
and nutritive characteristics of the supplement (Stock-
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dale, 2000b; Linnane et al., 2004; Holmes and Roche, 
2007; Roche et al., 2007c; Baudracco et al., 2010a; 
Sheahan et al., 2011). However, the degree to which 
pasture DMI varies in response to supplements at an 
individual animal level and the extent to which this can 
be exploited to improve the efficiency of production is 
not well understood.
Concentrate supplementation in pasture-based sys-
tems is usually determined by the average nutritional 
requirements of the herd, rather than by those of indi-
vidual cows. Many of the early experiments comparing 
individualized and flat-rate feeding strategies (Bines, 
1985; Leaver, 1988; Gill and Kaushal, 2000) were con-
ducted with all cows having ad libitum access to forage 
and concluded that individualized feeding of concen-
trate supplements gave no production advantage over 
flat-rate feeding. However, the conditions under which 
these studies were conducted do not reflect on-farm 
recommended pasture allocation practices. Results of a 
more recent study in Australia, where cows were offered 
a restricted pasture allowance (Garcia et al., 2007), in-
dicated that cows fed a concentrate supplement based 
upon an individual requirement produced 7% more fat 
and protein compared with cows fed at a fixed rate 
based on an overall herd requirement. This study also 
indicated significant between-cow variation in DMI (CV 
= 32%), highlighting the potential for exploiting this 
variability through individualized feeding strategies.
The integration of computerized milk recording 
systems with in-parlor feeding systems has provided 
the ability to offer cows different amounts (and types) 
of concentrate supplements according to predefined 
parameter(s) (e.g., milk yield, DIM, BCS, parity) 
and to feed multiple supplements (e.g., a cereal grain, 
nonforage fiber concentrate feeds, a protein meal, 
micro-ingredients) in differing amounts to each cow 
at milking. However, the value proposition from indi-
vidualized feeding of cows in grazing systems remains 
unclear, with few, if any, studies reporting the effects 
on feed conversion efficiency, marginal milk production 
response, BCS, health, and fertility.
Any advantage to be gained from the individual-
ized feeding of cows compared with flat-rate feeding 
depends on the existence of both sufficient between-
animal variability in response to supplementation and 
a profitable economic response associated with exploit-
ing this variability. André et al. (2010a,b) reported 
considerable between-cow variation in milk yield in 
response to concentrate DMI in an observational study 
of 4 farms in the Netherlands. They concluded that 
this variation could be exploited to improve economic 
profitability of dairy farming through optimization of 
individual concentrate feeding. By applying individual 
economic settings for concentrate supply based on daily 
milk yield, potential economic gains were reported to 
range from €0.20 to €2.30/cow per day (André et al., 
2010a). There was no consideration of the effect of sub-
stitution of forage (either summer grazed pasture and 
or silage) in the study by André et al. (2010a), and the 
majority of cows were housed indoors for part or all 
of the year. In pasture-based systems, the amount of 
pasture consumed and its nutritive value may influence 
the between-cow variability in response to supplement 
and will need to be considered as part of a dynamic 
model for calculating optimum supplementation rates. 
Understanding this variability and identifying a means 
for measuring pasture DMI at an individual animal lev-
el are key challenges for determining the potential for 
individualized feeding in pasture based-dairy systems.
The objective of this paper was to review key fac-
tors affecting cow responses to supplements in pasture-
based systems. The effect of supplementary feeding 
on DMI and grazing behavior, rumen function, energy 
balance (EBAL), milk production, reproduction, and 
health will be discussed, with a focus on the implica-
tions of feeding cows to individual requirements rather 
than as a herd. Where knowledge gaps exist concern-
ing the potential effect of individualized feeding in a 
pasture-based system, recommendations will be made 
for further research.
FACTORS LIMITING PRODUCTION  
OF COWS AT PASTURE
In pasture-based systems, DMI is recognized as the 
factor limiting milk production to the greatest degree 
(Leaver, 1985; Kolver and Muller, 1998; Bargo et al., 
2002; Kolver et al., 2002; Dillon, 2006), because the 
nutritional profile of temperate pasture species (i.e., 
grasses and legumes) is usually not limiting in its provi-
sion of AA, carbohydrates, minerals, and vitamins. To 
this end, the provision of nonpasture feeds (i.e., supple-
ments) is practiced to increase total DMI and, thereby, 
milk production (Bargo et al., 2003).
According to Liebig’s principle of the minimum 
(Liebig, 1840), the increase in production through in-
creased consumption will be determined by the most 
limiting resource. In pasture-based systems with low to 
medium levels of supplementation (up to 2 t of DM/
cow per lactation), total ME consumed is the factor 
most limiting production (Baudracco et al., 2010b; 
Higgs et al., 2013). Where higher levels of supplementa-
tion are used and particularly where the supplement is 
low in CP or particular AA, other factors can become 
first limiting and reduce the predicted marginal milk 
production response to additional ME.
The dietary components from which ME is provided 
(i.e., NSC, NDF, CP, fat) can influence the composition 
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of the additional production, with NSC-based supple-
ments generally resulting in greater milk, lactose, and 
protein yields and a lower milk fat yield compared with 
a similar ME intake from NDF-based supplements 
(Carruthers et al., 1997; Bargo et al., 2003; Roche et 
al., 2010; Higgs et al., 2013). Energy-corrected milk, 
however, is generally not affected by the ingredient 
origin of the additional ME consumed because the re-
ported increase in lactose and protein yields associated 
with NSC-based concentrate supplements is equivalent, 
in energy terms, to the lower fat yield (Roche et al., 
2010). The following section establishes the importance 
of ME as a primary constraint on milk production from 
cows grazing high-quality pasture (i.e., with high ME 
and CP content and balanced AA profile).
Nutritional Limitations of Dairy Cows  
Grazing Temperate Pasture
Although intensively grazed forages can be of high 
quality, the large difference in daily and lactational 
milk yields between grazing cows and those fed a TMR 
is often considered proof of a nutritional deficiency in 
pasture that is limiting milk production. To determine 
the reasons for the differences in production, Kolver 
and Muller (1998) compared cows grazing high-qual-
ity pastures (Dactylus glomerata) with cows being fed 
TMR. They then simulated the diets in the Cornell 
Net Carbohydrate and Protein System (CNCPS; Fox 
et al., 1995). Grazing cows produced 15.4 kg less milk 
than cows on TMR; the results of the model simulation 
indicated that 61% of this effect was due to lower DMI, 
24% of the difference was due to energy expenditure 
in grazing and walking, 12% was estimated to be due 
to the excretion of surplus N, 7% reflected the greater 
energy content of the milk from grazing cows, and 5% 
was due to differences in the partitioning of energy be-
tween milk production and BCS. They concluded that 
intake of nutrients, rather than a limitation in any one 
nutrient in pasture, was the primary factor constrain-
ing milk production from high-quality pasture, with the 
remaining factors reflecting differences in energy parti-
tioning to activity, milk composition, or urea synthesis. 
These data confirmed the high nutritional value of tem-
perate pastures as feeds for ruminants and emphasized 
that the majority of the difference in milk production 
between TMR-fed cows and cows grazing high-quality 
pasture related to the system of farming and not the 
nutritional profile of the feed, per se.
Because DMI explained more than 60% of the differ-
ence in milk production between TMR-fed and grazing 
dairy cows, providing cows with a nutritionally bal-
anced supplement should increase production through 
increased intake of nutrients. Liebig’s principle of the 
minimum predicts that growth rate or, in this case, 
milk production is determined by the most limiting re-
source (i.e., the primary limiting factor; Liebig, 1840). 
Increasing DMI through supplementation, therefore, 
would only increase production if the nutritional factor 
most limiting production were supplied. Such a limita-
tion could reflect either (1) the provision of a resource 
that is limiting production through its absence (i.e., 
deficiency); or (2) the provision of a resource that fa-
cilitates the removal of a particular dietary component 
that is limiting production because it has been provided 
to the point of oversupply (i.e., toxicity).
In line with Liebig’s principle and using the CNCPS, 
Kolver (2003) simulated changes to the nutrient profile 
and digestion rates of protein and fiber in pasture to 
determine which nutritional factor was most limiting 
production. When cows were fed solely on temperate 
pastures, altering the availability of RDP or micro-
bial protein or the supply of individual amino acids 
did not increase production, even though an increase 
in DMI did. These data indicate that milk production 
was limited by total ME intake. Kolver (2003) did not 
simulate low-CP (<15% DM) summer pasture, but the 
slow rate of degradation of both CP and NDF in this 
scenario and the well-balanced AA profile of temper-
ate pastures for milk production, combined with the 
exceptional ability of the ruminant to recycle N across 
the ruminal epithelium and through saliva (Reynolds 
and Kristensen, 2008), means that ME is still likely to 
be the nutritional factor most limiting milk production 
in cows consuming temperate pasture as their sole diet.
Although ME is the primary nutritional factor limit-
ing milk production in a grazing dairy cow, with the 
increased provision of nutritionally incomplete supple-
ments [e.g., low CP, grain-based concentrate (GBC) 
supplements], there comes a point at which other fac-
tors limit milk production. For example, total supply 
of AA to the small intestine or the supply of individual 
AA, can become most limiting when a low-protein ce-
real grain is the primary supplement (e.g., corn and 
lysine limitation). Furthermore, GBC supplements can 
be provided in excess, disrupting rumen function and, 
thereby, reducing DMI and digestive efficiency (Bram-
ley et al., 2008). For example, Auldist et al. (2013b) 
offered increasing levels of GBC supplements as a TMR 
to grazing dairy cows in early lactation. The high levels 
of grain supplementation resulted in substantially less 
milk than their predicted ME and MP supply would 
indicate (CNCPS simulation; Fox et al., 1995). In an 
assessment of the diets, NFC and NDF were calculated 
to be 45 and 29% DM at the highest level of supple-
mentation, respectively, indicating the potential for a 
significant digestive upset. The rumen pH and VFA 
data presented by the authors confirm the likelihood 
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of this digestive upset. By replacing some of the source 
of NFC (i.e., wheat) with canola meal, a feed source 
providing ME from fermentable NDF and CP primar-
ily, NFC and NDF returned to 38 and 32% DM, respec-
tively, reported rumen parameters returned to normal 
patterns, and DMI and milk production increased 
significantly. This is an example of Liebig’s principle 
of the minimum, wherein the provision of the limiting 
resource (i.e., in this case, NDF and CP) allowed the 
reduced use of a resource that had been oversupplied 
to the detriment of the animal’s function (i.e., NFC).
Liebig’s principle would support the role for indi-
vidualized feeding of pasture-based dairy cows, with 
the ability to individualize cows’ diets and provide for 
these limitations through individualized feeding of dif-
ferent feed ingredients. To best use Liebig’s principle 
in the supplementation of dairy cows, we must be able 
to define the “cascade of nutritional limitations” that 
arises with the increased use of nutritionally imbalanced 
feed ingredients. In an effort to do this, Kolver (2003) 
simulated the nutritional factors limiting milk produc-
tion in grazing cows supplemented with low-protein 
GBC. He concluded that ME intake (i.e., the product 
of total DMI and ME content) remained the primary 
factor limiting milk production until the proportion 
of concentrate supplement in the diet exceeded 20% 
DMI, with other nutrients potentially limiting produc-
tion at supplementation rates greater than 20% DMI. 
In his simulation, individual AA became the factors 
identified as limiting production when grain exceeded 
20% of DMI. As a result, the provision of more of the 
chosen supplement would have resulted in lower milk 
production responses. He suggested that this limitation 
might be a contributory factor to the reported decline 
in marginal milk production responses with increasing 
levels of supplementation (Kellaway and Porta, 1993; 
Kolver, 2003).
The hypothesis that providing more than 20% of 
DMI as low-CP feed leads to a change in the cascade 
of nutritionally limiting factors was recently tested by 
Higgs et al. (2013). Their results indicate that the 20% 
threshold postulated by Kolver (2003) was, in fact, 
too low. They reported that ME intake was still the 
nutritional factor limiting milk production in early lac-
tation cows consuming 25% of their diet as a low-CP/
high-starch concentrate supplement. These results are 
consistent with those reported by Roche et al. (2013a), 
wherein response to a low-CP GBC supplement (i.e., 
high starch) was linear up to 6 kg of DM/d (~30% 
DMI). In a more extreme example, Auldist et al. 
(2013b) offered early lactation cows a diet of 36% fresh 
pasture, 18% pasture silage, and 46% cracked wheat 
grain. Based on inputting feed and animal production 
data into CNCPS (Fox et al., 1995), the primary limit-
ing nutritional factor remained ME. Therefore, a fixed 
point of supplementation at which total ME intake is 
no longer the factor most limiting production cannot 
be defined. In each situation, diet composition and cow 
production parameters must be modeled to determine 
the nutrient limitation cascade, taking account of both 
deficiency limitations and likely limitations caused by 
the oversupply of particular feed components (e.g., 
NFC).
Source of ME
In acknowledging that ME is the nutritional factor 
most limiting production in grazing dairy cows, consid-
eration must be given to the type of ME or, more ac-
curately, the origin of the ME (i.e., NSC, NDF, fat, or 
protein). Carruthers et al. (1997), Garcia et al. (2000b), 
Roche et al. (2010), and Higgs et al. (2013) tested the 
hypothesis that the milk production response to supple-
ments is determined by ME intake and not the source 
of ME. Carruthers et al. (1997), Garcia et al. (2000b), 
and Roche et al. (2010) all fed cows isoenergetic diets 
but replaced some of the energy obtained from pasture 
with dextrose (Carruthers et al., 1997) or starch from a 
corn- and barley-based concentrate feed (Garcia et al., 
2000b; Roche et al., 2010). Milk energy secreted and 
EBAL were not affected by carbohydrate type, although 
milk, lactose, and protein yields and the protein-to-fat 
ratio in milk were generally greater in the cows con-
suming a portion of their ME from starch. Higgs et al. 
(2013) compared offering cows the same amount of ME 
as either starch (i.e., crushed corn grain) or a ferment-
able NDF-based concentrate (i.e., based on wheat mid-
dlings), without controlling pasture DMI. Both groups 
produced the same yields of fat and protein, although 
protein-to-fat ratio was greater in the cows consuming 
starch (i.e., greater protein yield and lower fat yield 
in NSC-based cows compared with NDF-based cows). 
Model simulations of both diets indicated that, even at 
this level of supplementation, ME intake remained the 
nutritional factor limiting production. The effects of 
nutrition on milk composition will be covered in detail 
in a later section of this review.
In fluid milk payment systems, these results place 
a premium on NSC-based supplements, as milk yield 
increases by approximately 0.36 kg more per kg of 
NSC intake compared with a similar ME intake from 
nonforage fiber-based supplements (Roche et al., 2010). 
In component milk payment systems, however, where 
lactose is generally not valued but protein is worth ap-
proximately twice the value of fat, milk revenue is not 
greatly affected by source of ME (Roche et al., 2010), 
as the differences in fat and protein yields between the 
ME sources have approximately the same monetary 
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value. Source of ME has been reported to affect pasture 
DMI (i.e., substitution rate) and this will be covered in 
detail in later sections.
In summary, temperate pastures can be of high qual-
ity, with ME intake being the factor that limits milk 
production at low to medium levels of supplementation. 
When low-CP GBC is the predominant supplement, 
other factors may limit production when supplementa-
tion exceeds 30 to 50% of DMI. The requirement to 
“balance” the concentrate for limiting nutritional fac-
tors could be a justification for the individualized feed-
ing of cows. Nutritional scenarios need to be modeled 
to determine the cascade of nutritional limitations and, 
thereby, identify the primary limiting nutritional factor. 
In this, consideration needs to be given to both nutrient 
deficiency and the oversupply of particular nutritional 
factors, because both scenarios may limit production.
SUPPLEMENTATION STRATEGIES
Supplements can be presented to grazing cows in a 
range of ways, with the type of supplement and fa-
cilities present often dictating the method of feeding. 
Choosing the most efficient and appropriate way of 
providing supplements continues to be a challenge for 
dairy producers. In this section, different approaches to 
feeding concentrate supplements to pasture-based dairy 
cows will be summarized.
Methods of feeding supplements range from flat-rate 
feeding, where the same amount of supplement is offered 
to each cow in a herd for every day of the supplementary 
feeding period, to more complex feeding systems based 
on a chosen cow-level parameter, in which cows are of-
fered different amounts of supplements on the basis of 
this parameter (e.g., individual milk yield). Research in-
vestigating the merits of different systems for presenting 
mixed concentrates to dairy cows has continued since 
the 1940s. Within the flat-rate system, concentrates can 
either be allocated at a constant rate throughout the 
lactation (the uniform flat-rate system) or be stepped 
up or down (stepped flat-rate) in response to stage of 
lactation (Leaver, 1988). A further level of complexity is 
introduced when a combination of nutrient sources are 
incorporated into pellets or are offered as a loose mix, 
with the objective of complementing nutrients obtained 
from pasture or conserved forage to optimize nutrient 
intake and increase milk production.
Flat-Rate Feeding of Concentrates Versus Stepped 
Feeding with Stage of Lactation
Numerous experiments were undertaken in 1970s 
and 1980s to determine whether cows would benefit 
from the provision of a greater amount of supplements 
in early lactation than in mid and late lactation com-
pared with providing the same amount each day of 
lactation. For example, Rakes and Davenport (1971) 
compared cows fed equal amounts daily throughout 
lactation with cows fed larger amounts in early lacta-
tion and smaller amounts in mid and late lactation. 
They reported no significant differences in annual milk 
production over 3 lactations (6,400 kg of milk/cow 
per lactation) when approximately 3,250 kg of con-
centrate/cow was consumed annually. Similarly, in a 
comprehensive research program in Denmark exploring 
a range of concentrate allocation methods (Østergaard, 
1979), means of 298 lactations and 8 different concen-
trate feeding strategies were compared with a standard 
treatment based on the Danish feeding standard, in 
which cows were offered concentrate relative to indi-
vidual milk yield (4.8 MJ of ME/kg of FCM yield). 
Grass silage was offered ad libitum in combination 
with 3 levels of concentrate feeding (1,200, 1,530, or 
1,850 kg of concentrate mix/cow per lactation; Table 
1) to determine if any response depended on amount 
of concentrate fed. Average milk yield increased with 
concentrate feeding level (5,700, 5,900, and 6,400 kg 
of FCM/cow per lactation, respectively) but was not 
affected by method of feeding.
In the UK, Gordon (1982) reported no benefits from 
stepped feeding over a 2-yr period, with concentrate 
DMI of 1,200 and 1,150 kg/cow per lactation and cows 
producing 4,900 and 4,850 kg/cow per lactation, with 
no differences in milk fat or protein yields. In that 
study, the grass silage offered had a relatively high 
ME (680 g/kg of digestible OM in DM). Taylor and 
Leaver (1984) hypothesized that there may be an in-
teraction between silage quality and feeding strategy. 
They compared both flat-rate and stepped feeding 
allocation strategies when cows were consuming high 
or low ME silage (10.5 and 8.9 MJ of ME/kg of DM, 
respectively); again, there was no evident effect of 
feeding allocation method, but clear differences were 
observed in milk production in favor of the higher-ME 
grass silage.
In 7 comparisons of flat-rate and stepped-feeding 
strategies (Gordon, 1982; Taylor and Leaver, 1984; 
Poole, 1987; Rijpkema et al., 1990; Aston et al., 1995), 
milk yield averaged 22.8 and 23.0 kg/d, respectively, 
when average concentrate DMI was 7.9 kg/cow per day. 
In summary, there is little compelling historical evi-
dence to suggest a benefit from feeding higher amounts 
of mixed concentrate supplements in early lactation 
and stepping down the amount offered with advancing 
stage of lactation, when fed under the conditions of 
forage being provided ad libitum.
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Flat-Rate Feeding of Concentrates Versus  
Feeding to Individual Milk Yield
Moisey and Leaver (1985) compared flat-rate feed-
ing of mixed concentrates during the first 20 wk of 
lactation with a feeding strategy based on individual 
cow milk yield at 2 wk postcalving. They reported 
no differences in milk yield and concluded that there 
was no advantage in feeding to yield. In further re-
search from the UK (Taylor and Leaver, 1984), cows 
were offered 2 amounts of mixed concentrates (7 and 
11 kg of concentrates/cow per day) at either a flat 
or variable rate (based on individual milk yield at 2 
wk postcalving) and that was reduced 3 times during 
the 25-wk experiment. The difference in milk yield 
between the systems of allocation was not significant 
(23.9 and 22.9 kg/cow per day for flat-rate and feed-
ing to yield, respectively). However, on the flat-rate 
system, cows produced more milk fat because of a 
combination of numerically higher milk yield and milk 
fat concentration. Cows consuming the higher amount 
of supplement produced more milk (25.4 vs. 22.9 kg of 
milk/cow per day).
With the increased milk production potential of 
cows through genetic selection, further research was 
undertaken by Rijpkema et al. (1990) to compare flat-
rate feeding with feeding individual cows according 
to actual milk production. Over 4 experiments, they 
detected no effect of feeding system on annual milk 
yield (6,719, 7,141, 7,084, and 6,943 vs. 6,733, 6,971, 
7,062, and 7,049 kg milk/cow for the conventional 
method of feeding to milk yield compared with flat-rate 
feeding, respectively). They concluded that when cows 
were group fed roughage ad libitum, there was no milk 
production benefit to feeding high-yielding cows with 
concentrates to the cows’ estimated individual energy 
requirements or their capacity to produce milk.
In 12 comparisons of flat-rate and individualized 
feeding strategies (Gordon, 1982; Taylor and Leaver, 
1984; Moisey and Leaver, 1985; Taylor and Leaver, 
1986; Rijpkema et al., 1990), milk yield averaged 25.1 
and 24.8 kg, respectively, when average concentrate 
DMI was 8.9 kg/cow per day. In summary, there is 
no evidence that the system of concentrate allocation 
throughout lactation has any effect on milk production 
when the same total amount of concentrate is consumed 
and when forage is not limiting.
Limitations of Previous Research
The cows in the aforementioned experiments were 
producing reasonable yields of milk (i.e., up to 7,100 kg 
of milk/yr) relative to annual yields often reported for 
grazing cows in farm systems experiments (Horan et 
al., 2006; Roche et al., 2006a; Macdonald et al., 2008); 
therefore, the current milk yield of grazing cows be-
ing superior to historical counterparts (Macdonald et 
al., 2008) is probably not a valid reason to revisit the 
topic. It may be necessary to confirm these conclusions, 
however, in higher-producing cows being fed TMR.
Although the validity of the consistent research re-
sults reported is beyond reproach, one important factor 
must be considered in interpreting the appropriateness 
of the results for grazing systems. In virtually all of 
the studies reviewed, the effect of feeding strategy was 
undertaken in cows fed silage indoors or in situations of 
unlimited forage availability. This is important, because 
there are very few comparisons of the feeding methods 
reviewed in grazing cows, particularly in situations 
where the grazing cow has only restricted access to for-
age (i.e., a well-managed rotational grazing system).
Pasture allowance (kg of pasture DM/cow per day) 
is considered the system-level factor that has greatest 
effect on pasture DMI and substitution rate (Stock-
dale, 2000b), although the type and quality of pasture 
available may contribute to differences. Pasture DMI 
increases as pasture allowance is increased but at a 
declining rate. In reviewing DMI data from 31 grazing 
experiments, Baudracco et al. (2010a) reported that 
maximum DMI occurred at a pasture allowance of 31 
kg of DM/cow per day above a 3-cm residual pasture 
height. Below this allowance, cows cannot achieve their 
Table 1. Total feed intake (grain and grass) and milk production/cow per year for different strategies of feeding a concentrate grain mix to 
dairy cows (data from Østergaard, 1979) 
Item
Strategy of feeding grain mix1
L0 L−0.5 M0 M−0.5 M+2,−1 M−1 H0 H+1,−0.5 Standard
Grain mix (kg of DM) 1,161 1,234 1,585 1,537 1,491 1,517 1,841 1,860 1,441
Grass silage (kg of DM) 2,246 2,312 2,110 2,072 2,219 2,117 2,045 2,022 1,870
Milk yield (kg of FCM/cow per year) 5,657 5,734 6,062 5,906 5,899 5,830 6,388 6,406 5,772
1L = 4.5 kg of grain mix/cow per day; M = 6.0 kg of grain mix/cow per day; H = 7.5 kg of grain mix/cow per day; 0 = flat-rate feeding over 
entire lactation at either L, M or H; −0.5 = grain mix is reduced by 0.5 kg every 14 d throughout lactation; +2,−1 = grain mix is increased by 
2 kg/cow every 14 d until wk 12 and reduced by 1.0 kg every 14 d; −1 = grain mix is reduced by 1.0 kg/cow every 14 d throughout lactation; 
+1,−0.5 = grain mix is increased by 1 kg/cow every 14 d until wk 12 and reduced by 0.5 kg every 14 d; Standard = feeding amount of grain 
mix based on milk yield (4.8 MJ of ME/kg of FCM).
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potential DMI. However, such an allowance would 
lead to significant wastage of pasture, as the marginal 
increase in pasture utilization with increasing pasture 
allowance is low (15–25%; Peyraud and Delagarde, 
2013). Peyraud and Delagarde (2013) suggested that 
limiting pasture allowance to 90% of a cow’s voluntary 
DMI at pasture provides a good compromise between 
per-cow and per-hectare milk production. To this end, 
in pasture-based systems, cows are usually offered a 
restricted allowance of pasture, with supplements used 
to fill a gap in nutrient requirements where there are 
seasonal deficits of pasture DM (Holmes and Roche, 
2007). When pasture allowance is restricted, substitu-
tion of supplements for pasture is reduced and the mar-
ginal milk production response increased (Grainger and 
Mathews, 1989; Wales et al., 1999; Stockdale, 2000b).
Providing restricted pasture allowance creates compe-
tition between cows for scarce resources and inevitably 
leads to variations in the relative deficit between nu-
trient supply and demand for individual cows within a 
herd. It is plausible that cows of higher genetic merit for 
milk production will experience greater nutrient deficits 
compared with cows of lower genetic merit (Penno et al., 
2001), although this will be affected by the social hierar-
chy of the herd (discussed subsequently in more detail). 
If true, where supplements are provided at a flat rate 
to the herd, restricted pasture in combination with re-
stricted supplementation will lead to high-genetic-merit 
cows becoming the most restricted animals in the herd 
(Garcia et al., 2007). Garcia and Holmes (2005) reported 
that high-genetic-merit cows will try to compensate for 
their higher requirements by increasing DMI of the feed 
that is least restricted. In a situation of restricted pasture 
allowance and supplementation, identifying those cows 
having the greater relative nutrient deficit and supplying 
them with more supplement than cows with smaller nu-
trient deficits may improve the efficiency of milk produc-
tion, through low substitution of supplements for pasture 
in low-genetic-merit cows and more efficient partitioning 
of nutrients to milk in high-genetic-merit cows (Garcia 
et al., 2007). This implies that there could be a benefit 
from individualized bail feeding practices when pasture 
allowance is restricted.
Another related factor to be considered when pasture 
allowance is restricted is the effect of social hierarchy 
on an individual cow’s ability to achieve adequate pas-
ture DMI. If pasture is already restricted, cows of lower 
social order will be limited in their ability to select the 
highest quality pasture, which will likely reduce their 
milk production. There may be a reason, therefore, 
to supplement cows in a restricted pasture allowance 
based on their place in the herd’s social hierarchy, with 
cows lower in the dominance spectrum likely to benefit 
more from additional supplementary feed. Unlike the 
previous argument for individualized feeding on an in-
dividual milk production basis, this is not a feature of 
a cow’s genetic ability to produce milk, but instead is a 
result of social status and (or) foraging ability. Garcia 
et al. (2000a) reported that when cows were fed corn 
silage on a restricted basis for 2 h after milking, the 
variation in individual DMI was not associated with 
their milk yield but with their social hierarchy. An issue 
related to this social effect is the effect of the time that 
individual cows arrive at the pasture after milking, with 
those arriving last faced with increased pasture restric-
tion and reduced pasture quality compared with cows 
arriving first (Kaur et al., 2013). More research needs 
to be conducted to examine the social factors affecting 
grazing behavior and the subsequent DMI of individual 
cows at pasture to determine how important these fac-
tors are in optimizing the efficiency of milk production 
when supplementing cows in pasture-based systems.
Because of the effect of pasture allowance on sub-
stitution rate and milk response to supplement, it is 
plausible that the effect of individualized feeding under 
a slight pasture restriction, as practiced in efficient 
rotational grazing systems (Peyraud and Delagarde, 
2013), would be different from what has been previously 
reported. The only recent data exploring this question 
(Garcia et al., 2007) compared the feeding of concen-
trates based on individual cow milk yield (average of 5 
kg of DM/cow per day, but ranging from 3 to 7 kg of 
DM/cow per day) with feeding 5 kg of DM/cow per day 
(i.e., flat-rate fed), when grazing a limited allowance 
of lucerne. They reported a significant 7% increase in 
the yield of milk fat and protein in the cows fed indi-
vidual allowances of concentrates relative to their milk 
yield. However, corn silage was offered as an additional 
supplement in this study, and it is possible that this 
filled the forage gap deficit in the most restricted cows. 
If so, because corn silage is nutritionally inferior to lu-
cerne, this may explain, in part, the difference in milk 
production between the herds. Further research needs 
to provide a better understanding of the importance 
of feeding to individual cow milk yield when cows are 
managed in a typical, marginally restrictive rotational 
grazing system.
COW-LEVEL FACTORS AFFECTING RESPONSE  
TO SUPPLEMENTS AND THEIR POTENTIAL VALUE 
IN INDIVIDUALIZED FEEDING STRATEGIES
The maximum theoretical milk production response 
to 1 kg DM of a supplement containing 12 MJ of ME/
kg of DM is between 2.0 and 2.5 L of milk, depend-
ing on supplement type and milk composition. This 
assumes that pasture DMI is not affected, the entire 
supplement is consumed, and all of the supplement’s 
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energy is converted into milk (Holmes and Roche, 
2007). In reality, some of the supplement is invariably 
lost in the feeding process, supplemented cows reduce 
their DMI of pasture compared with unsupplemented 
cows (Stockdale, 2000b), and some of the extra energy 
might be partitioned to body reserves (Roche et al., 
2006a). In addition, the digestibility of pasture is usu-
ally negatively affected by the consumption of starch-
based feeds (Williams et al., 2005; Leddin et al., 2010). 
These factors explain why typical responses to supple-
ments are much lower than the maximum theoretical 
response to supplements (Holmes and Roche, 2007).
Until the 1990s, typical reported marginal milk pro-
duction responses to supplements were in the order of 
0.4 to 0.6 kg of milk/kg of concentrate. However, since 
then, marginal responses have increased to approxi-
mately 1 kg of milk/kg of concentrate, with supplemen-
tation levels of up to 6 kg/d (see reviews by Stockdale, 
1999; Bargo et al., 2003; Dillon, 2006; Baudracco et 
al., 2010a; Peyraud and Delagarde, 2013). Although 
some of this effect may be due to changes to grazing 
management (i.e., lower allowances, greater pasture uti-
lization), the majority of the effect is probably due to 
a cow-level effect rather than farm system-level effects. 
If individualized feeding offers any advantage over flat-
rate feeding in rotationally grazed dairy systems, it is 
imperative to understand the cow characteristics by 
which cows should be individually fed. These cow-level 
factors will be discussed in the following sections.
Grazing Behavior, Pasture DMI,  
and Substitution Rate
Stockdale (2000b) comprehensively reviewed factors 
known to be associated with substitution rate but could 
only explain 51% of the variation observed, through the 
components included in his review. Stockdale (2000b) 
concluded the factors most influential in substitution 
rate were pasture DMI in unsupplemented cows and 
the cow herself, the latter being quantified only by 
her BW. Substitution rate increased with increasing 
pasture DMI and declined with increasing cow BW. 
Other publications reporting the effect of concentrate 
supplementation on substitution rate also defined a cow 
effect using BW (Dulphy, 1978; Grainger and Mathews, 
1989; Larcombe, 1989; Penno, 2002), implying a linear 
decline in substitution rate with increasing cow BW; 
substitution rate decreased by between 10 and 25 
percentage points with every 100-kg increase in BW, 
depending on unsupplemented pasture DMI (Grainger 
and Mathews, 1989).
Although the positive effect of pasture DMI on 
substitution rate is consistent with the physiological 
regulation of hunger and satiety (Roche et al., 2008a), 
recent research results indicate there are effects of cow 
genetics on substitution rate that are not accounted for 
by BW (Fulkerson et al., 2008). Both Linnane et al. 
(2004) and Sheahan et al. (2011) investigated the effect 
of differing genetic strains of Holstein-Friesian on graz-
ing behavior, DMI, and substitution rate under differ-
ent supplementary feeding strategies. Their findings are 
consistent with production results from other studies 
designed to examine production responses to supple-
ments in cows of differing genetic ancestry (Kennedy 
et al., 2003; Horan et al., 2005; Fulkerson et al., 2008). 
Linnane et al. (2004) compared 3 genetic strains of 
Holstein-Friesian dairy cow: one strain was exclusively 
selected for milk yield (high production; HP), a second 
strain shared a similar genetic ancestry to the HP strain, 
but was selected for production and functional traits in 
a multi-variable genetic index (high durability; HD), 
and the third strain originated in New Zealand and also 
was the result of a multi-variable genetic index that 
included functional traits (New Zealand; NZ). Sheahan 
et al. (2011) compared 2 genetic strains: one strain was 
between the HP and HD strains reported by Linnane et 
al. (2004), with a heavy historical emphasis on selection 
for milk yield but a recent inclusion of functional traits, 
and the other was a New Zealand Holstein-Friesian (i.e., 
the product of a multi-variable genetic index). In both 
studies, substitution rate was greater in the NZ cow 
(substitution rate = 52 and 55%) than in either the HD 
cow (substitution rate = 30 and 24%) or the HP cow 
(substitution rate = 7%), confirming an effect of genet-
ics on substitution rate and providing further support 
for the concept of individualized feeding according to 
genetic merit. Although differences were also detected 
in cow BW between treatments (e.g., HP cow was on 
average 22 kg heavier than NZ cow in Linnane et al. 
(2004)), this difference in BW would only account for 
a 6% difference in substitution rate. The genotype × 
nutrition interaction reported by Kennedy et al. (2003) 
and Fulkerson et al. (2008) supports this effect of cow 
genetics on DMI and substitution rate. These results 
indicate an opportunity to identify cows within a herd 
that have low substitution rate and, by extrapolation, 
high marginal responses to supplementary feeds (Fulk-
erson et al., 2008), and could be individually fed for 
greater efficiency of feed use.
The effect of supplementation on pasture DMI is 
evident in grazing behavior measurements. Bargo et al. 
(2003) and Sheahan et al. (2011) concluded that cows 
reduced their time spent grazing by 12 min for every 1 
kg DM of concentrate supplement consumed. However, 
this effect of supplement on grazing time was not uni-
form throughout the day. Sheahan et al. (2011) reported 
a linear decline in grazing time with concentrate supple-
mentation during the primary a.m. grazing bout, but no 
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effect of supplement on grazing time in the main pre-
sunset grazing bout. Sheahan et al. (2013a) subsequently 
tested the effect of timing of supplementation on grazing 
behavior and reported that either a.m. or p.m. supple-
mentation reduced grazing time during the primary 
a.m. grazing bout compared with an unsupplemented 
control, but did not affect grazing time during the main 
pre-sunset grazing bout. These results indicate complex 
physiological mechanisms regulating feeding in grazing 
dairy cows that extend, at least, over several hours.
Although the data presented by Linnane et al. (2004) 
and Sheahan et al. (2011) on the effect of supplementa-
tion on grazing time agree with the review of Bargo et 
al. (2003), the genetic differences in substitution rate 
were not explained by differences in grazing time. In 
fact, the NZ strain grazed for longer but consumed less 
pasture DM than the HD cow (Sheahan et al., 2011), 
and the HP cow had a greater reduction in time spent 
grazing when supplemented (30 min/kg of DM concen-
trate) than either the NZ or HD strain (7 min/kg of 
DM concentrate; Linnane et al., 2004), despite having 
the lowest substitution rate. The effect of supplement 
on pasture DMI is, therefore, more complicated than 
merely the effect on grazing time. The other behavior 
factors that contribute to pasture DMI are bite mass 
and bite rate. These factors, along with grazing time, 
are behavioral proxies for the balance between the 
physiological factors regulating hunger and satiety and 
reflect a reduction in the “drive to eat” in cows provided 
with supplementary feed.
Intake regulation is complex and has been exten-
sively reviewed for ruminant farm animal species by 
Roche et al. (2008a). Physical distension of the rumen 
and gastrointestinal tract; metabolism of products of 
digestion in the liver; and endocrine products of the 
gastrointestinal tract, pancreas, adipose tissue, and, 
possibly, muscle, all contribute signals that are pro-
cessed centrally in the brain to control hunger, satiety, 
and energy expenditure. Intake regulation needs to 
be considered on different time scales (Roche et al., 
2008a) from meal initiation and the regulation of meal 
size (short-term/acute regulation) to the longer-term 
regulation of DMI required to maintain a physiologi-
cal steady state (chronic regulation). Acute regulators 
are required to have short half-lives, exhibit significant 
variation throughout the day, respond to the ingestion 
of energy-dense feedstuffs, and may even exhibit cir-
cadian rhythms. Chronic controllers of DMI, in com-
parison, are less likely to exhibit diurnal change, need 
not necessarily have short half-lives, but must provide 
information on the status of the body’s long-term en-
ergy status (adipose tissue depots).
Physical distension does not appear to be a DMI-
limiting factor in cows grazing highly digestible tem-
perate pastures (Van Soest, 1994), with grazing during 
the a.m. ceasing before ruminal distension could be a 
primary regulating factor and the onset of sunset re-
sulting in a cessation of DMI during the p.m. feeding 
event (Sheahan et al., 2011). Physical distension may 
be a significant regulatory factor with tropical pas-
tures, although Stockdale (2000b) reported no evident 
difference in substitution rate between temperate and 
tropical pastures in Australia. These results imply that 
something other than physical fill regulates substitu-
tion rate when concentrate feeds are offered.
Similarly, although hepatic oxidation of energy fuels 
and the induction of satiety through the lower discharge 
rate of hepatic vagal afferents (Forbes, 1992; Allen et 
al., 2009) are known to be involved in satiety in mono-
gastric species, much of the presented metabolic and 
behavioral data do not support the hepatic oxidation 
of metabolites as a plausible physiological mechanism 
controlling substitution rate in grazing dairy cows. For 
example, elevated blood glucose concentrations prefeed-
ing in the afternoon and the provision of additional 
fermentable energy (either starch or a nonforage fiber 
source) should result in a relatively quick decline in 
feeding activity following the p.m. milking if the hepatic 
oxidation theory is correct. On the contrary, however, 
cows continue to feed until darkness and have the least 
substitution of supplement for pasture (Sheahan et 
al., 2013b) at this time, despite the more positive cow 
energy status compared with the a.m. feeding event. 
The reported decrease in substitution rate from early to 
late lactation (Stockdale, 2000b) further questions the 
appropriateness of the hepatic oxidation theory, as a 
greater substitution would be expected with advancing 
lactation and the consequential lower requirements for 
glucose for milk lactose synthesis (Allen and Bradford, 
2009) Collectively, these data do not support the he-
patic oxidation theory as the primary cow factor regu-
lating DMI and substitution rate in grazing dairy cows.
There is increasing evidence in grazing systems 
(Sheahan et al., 2011, 2013a,b) that circulating factors 
produced in the gastrointestinal tract and splanchnic 
organs in response to the ingestion and digestion of 
feeds are primary signals informing the brain of the 
short-term energy status of the animal. These factors 
can act directly on the brain, stimulating hormonal 
and neuronal changes within the hypothalamus, or in-
directly, via effects on the vagus nerve and the nucleus 
of the solitary tract. These stimuli reflect the immedi-
ate energy status of the animal relative to metabolic 
demand (Roche et al., 2008a): when ME intake is less 
than immediate demand, peripheral orexigenic factors 
stimulate control centers within the hypothalamus to 
“instruct” the animal to eat; when ME intake is more 
than immediate demand, anorexigenic factors released 
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peripherally have the opposite effect centrally. A sim-
plified model of DMI regulation is presented in Figure 
1 (adapted from Seeley and Schwartz, 1997).
Many circulating factors have been implicated in 
DMI regulation and there is increasing evidence that 
the primary neuroendocrine factors regulating DMI in 
monogastric species (Arora and Anubhuti, 2006) are 
also regulatory factors in ruminant DMI (Roche et al., 
2008a). For example, Sheahan et al. (2013a,b) reported 
a correlation between the diurnal profile of plasma 
ghrelin, a potent orexigen in monogastric species, and 
feeding behavior; plasma ghrelin declined during the 
a.m. primary grazing bout, consistent with declining 
hunger with feed consumption, and increased before 
sunset, despite a positive energy state from previous 
feed ingestion, but consistent with the evolutionary 
drive to eat before dark in diurnal species and mea-
sured cow feeding behavior. In comparison, insulin 
appeared to be a hormone associated with satiety, in-
creasing with feeding in the a.m., but failing to increase 
until just before sunset in the p.m., despite the greater 
voracity of feeding. Further confirmation of a role for 
these hormones in DMI regulation comes from infusion 
studies. Wertz-Lutz et al. (2006) reported an increase 
in feeding activity and DMI immediately following 
ghrelin infusion in steers, and Roche et al. (2008c) re-
ported a decline in plasma ghrelin concentration with 
the glucose-induced increase in insulin concentrations 
during an in vivo glucose tolerance test.
These, and other, neuroendocrine factors may be the 
components of the animal that regulate DMI and sub-
stitution rate and, if so, could be used to identify cows 
that would produce more milk in response to concen-
trate supplementation. Roche et al. (2008b) reported 
a negative correlation between BW and the change 
in preprandial to postprandial ghrelin concentrations 
(Δ-ghrelin), with Δ-ghrelin being used as a proxy 
for satiety (i.e., a smaller Δ-ghrelin was purported to 
indicate a lower satiety from supplementation and, by 
extension, a lower substitution rate). Therefore, the 
smaller Δ-ghrelin with increasing BW (Roche et al., 
2008b) would partly explain the lower substitution rate 
in heavier animals (Stockdale, 2000a). However, BW 
explained less than 3% of the difference in Δ-ghrelin. 
In addition to the relationship between Δ-ghrelin and 
BW, there are limited data highlighting an effect of 
cow genetics on plasma ghrelin concentrations, with 
baseline average plasma ghrelin concentrations increas-
ing with genetic selection for milk production (Roche 
et al., 2006a,b). These trends are consistent with the 
decline in substitution rate with genetic selection for 
milk production (Linnane et al., 2004; Fulkerson et al., 
2008; Sheahan et al., 2011).
Further evidence of a role for these neuroendocrine 
factors in controlling substitution rate is in the effect 
of concentrate supplementation on plasma ghrelin 
concentration. Roche et al. (2007c) measured a lin-
ear decline in plasma ghrelin concentration following 
Figure 1. Simplified model depicting the neuroendocrine basis of intake regulation. NPY = neuropeptide Y, AgRP = Agouti-related peptide, 
POMC = proopiomelanocortin; CART = cocaine- and amphetamine-regulated transcript. Adapted from R. J. Seeley and M. W. Schwartz, 
Current Directions in Psychological Science (Vol. 6; pages 39–44), copyright © 1997 by SAGE Publications. Reprinted by Permission of SAGE 
Publications.
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supplementation with concentrates at the a.m. milking, 
the time when supplementation has the greatest effect 
on grazing time (Sheahan et al., 2011, 2013b). These 
data provided evidence of a neuroendocrine basis for 
substitution rate. Confirming this relationship between 
neuroendocrine factors and substitution rate in grazing 
cows, Sheahan et al. (2013b) reported an effect of sup-
plement type on substitution rate and the postprandial 
decline in plasma ghrelin. In their study, starch-based 
concentrate feeds resulted in a greater decline in plasma 
ghrelin concentrations and a greater substitution rate 
compared with fermentable fiber-based concentrates.
In summary, the reported data collectively indicate 
that neuroendocrine factors play a significant role in 
regulating the pasture DMI response to supplemen-
tary feeds and may, in fact, be the animal factors that 
contribute to the unexplained variation in substitution 
rate in grazing dairy cows. Further research is required 
on the role of these neuroendocrine factors on DMI 
regulation and in the control of substitution rate. If 
they are suitable biomarkers for the animal effect on 
substitution rate, they could be used to individually 
feed supplements to minimize substitution rate and 
maximize the milk production response to supplements 
and, ultimately, could be used to select cows that 
produce more milk from every kilogram of supplement 
consumed, thereby enhancing feed conversion efficiency 
in grazing systems.
Milk Production
The regulation of dairy cow metabolism, particularly 
in early lactation, ensures a large supply of glucose, AA, 
and both long- and short-chain FA for the mammary 
gland (i.e., homeorhesis; Bauman and Currie, 1980), 
while ensuring constant levels of glucose in blood. Ho-
meorhesis notwithstanding, a significant opportunity 
exists to manipulate milk yield and milk composition 
via genetics or nutritional means and possibly a com-
bination of both (Fulkerson et al., 2008). Because of 
the greater sensitivity of milk fat to dietary manipula-
tion than either protein or lactose, nutritional control 
of milk fat has, historically, received more attention 
than the other components (Jenkins and McGuire, 
2006). However, because of the greater value of milk 
protein in compositional payment systems, the need to 
increase nitrogen-use efficiency at a cow level, and the 
recognition that the ability of the mammary gland to 
synthesize milk protein does not function at maximum 
capacity (Griinari et al., 1997), considerable effort has 
been focused on understanding the factors regulating 
milk protein synthesis over the last 2 decades. Al-
though very few payment systems globally acknowledge 
the true value of lactose in milk powder production, 
lactose yield is directly related to milk yield and, so, 
manipulation of this milk component is important in 
systems where producers receive payment primarily for 
fluid yield.
The supplementation of grazing dairy cows with 
GBC supplements has been extensively researched. In 
a comprehensive review of the literature investigating 
the supplementation of grazing dairy cows, Bargo et 
al. (2003) concluded that, on average, supplementation 
increases milk yield (1 kg/kg of DM concentrate DMI), 
milk protein percentage (+0.01%/kg of DM concen-
trate DMI) and yield (+0.01 kg/kg of DM concentrate 
DMI), and milk fat yield (+0.02kg/kg of DM concen-
trate DMI), but reduces milk fat percentage (−0.13%/
kg of DM concentrate DMI; Bargo et al., 2003). Supple-
mentation would also be expected to increase lactose 
yield (Roche et al., 2010; Higgs et al., 2013), with the 
effect on milk lactose percentage being small and de-
pendent on the type of supplement consumed (Higgs 
et al., 2013). There was considerable variation around 
the response to supplement reported by Bargo et al. 
(2003), much of which was probably related to grazing 
management, cow genetics, and the type of concentrate 
supplement offered.
Grazing Management. Marginal milk production 
responses to supplementation are affected by pasture 
DMI. As previously discussed, the greater the pasture 
DMI, the greater the substitution rate when cows are 
offered a supplement and the smaller the increase in 
total DMI, and the lower the marginal milk production 
response to supplements. Wales et al. (1999) reported 
that pasture DMI increased linearly with increasing 
pasture allowance, but that cows ate only 0.18 kg of 
DM extra for each 1.0 kg of DM offered (R2 = 0.99); al-
though the actual pasture DMI was also dependent on 
the pasture mass offered, this did not affect the slope 
of the response. These data imply that postgrazing 
pasture residual mass increases with increasing pasture 
DMI relative to the cow’s potential DMI, and Roche 
and White (2012) hypothesized that the postgraz-
ing residual mass could, therefore, be used to predict 
substitution rate and the milk production response to 
supplement.
In summary, utilization of pasture declines with 
increasing pasture allowance, irrespective of pasture 
mass. As a result, postgrazing residual mass increases 
with allowance and probably reflects the balance be-
tween hunger and satiety. It is reasonable to assume, 
therefore, that substitution rate increases and marginal 
milk production response to concentrate supplements 
will decline with increasing postgrazing residual mass. 
Further research is required to better understand the 
proportion of the variation in marginal milk produc-
tion responses to supplements that can be explained by 
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postgrazing residual mass and the interaction, if any, 
with cow genetics.
Cow Genetics. Kolver et al. (2002) and Kennedy 
et al. (2003) reported genotype × diet interactions for 
milk production. North American Holstein-Friesian 
cows produced more milk when fed high-concentrate 
diets, either in addition to fresh pasture (Kennedy et 
al., 2003) or in a TMR (Kolver et al., 2002). Fulkerson 
et al. (2008) expanded on this, noting that Australian 
Holstein-Friesian cows did not achieve the difference 
in milk production predicted by their EBV when fed 
fresh pasture and low levels of concentrate supplements 
(0.3 t of DM/cow per lactation), but did produce the 
difference predicted by the EBV when fed ≥0.8 t of 
DM supplement/cow per lactation. This effect of ge-
netics on response to supplement probably reflects the 
environment in which bull daughters are evaluated (i.e., 
progeny tested) and relates to the genetic differences in 
substitution rate discussed earlier. These data indicate 
a need to consider the genetic merit of the cow when 
deciding on the most effective use of supplement and 
mean that targeting supplement based on EBV for milk 
fat and protein yields could allow for greater marginal 
milk production responses to supplementary feed.
Systems of allocating concentrate based on the cur-
rent milk production of the cow may not have the 
same effect as that reported for EBV for milk com-
ponent yield. Although Bargo et al. (2003) reported 
differences in the response to concentrate supplement 
between different milk yield categories, this only oc-
curred when concentrate supplementation was greater 
than approximately 6 kg of DM/d, at which point the 
marginal response declined in low-yielding cows. Below 
this point, the slopes of the response lines were simi-
lar in high- and low-yielding cows. This may explain 
why results from previous studies indicated no benefit 
to individualized feeding of cows based on milk yield 
compared with feeding all cows the same amount of 
concentrate (see earlier discussion).
In summary, the collective literature indicates a 
significant cow effect in the marginal milk production 
response to supplements. The interactions of this cow 
effect with grazing management, supplement type, and 
supplement amount have not been adequately explored. 
Nonetheless, there appears to be a potential benefit to 
individually feeding cows concentrate feeds based on 
some measure of genetic merit, but the benefit prob-
ably depends on factors associated with grazing man-
agement and type of concentrate supplement.
Supplement Type. Supplement type can also affect 
the milk production response to supplements. Although 
the additional fat and protein produced when cows are 
supplemented can be predicted by the increase in ME 
intake resulting from supplementation, irrespective of 
supplement type (Higgs et al., 2013), substitution rate 
and therefore the marginal milk production response 
are affected by supplement type (as previously dis-
cussed). In addition, the ratio of fat to protein and 
volume of fluid milk produced are affected greatly by 
the type of supplement offered. For example, Roche et 
al. (2010) reported a 0.26-kg increase in milk volume 
per kg of DM starch-based supplement consumed when 
ME intake was held constant, despite no difference in 
ECM or 4% FCM (equivalent to 0.36 kg of milk/kg 
of starch). Higgs et al. (2013) confirmed this effect of 
NFC, with a 50% greater milk volume response from a 
corn GBC than one based on fermentable fiber, despite 
similar yields of fat and protein combined. This effect 
of carbohydrate type is probably a result of differences 
in the output of rumen fermentation and associated 
differences in gluconeogenesis and glucose production. 
Starch-containing concentrates are primarily fermented 
to propionate in the rumen, which is efficiently used as 
a glucose precursor by the liver (Steinhour and Bau-
man, 1988) through direct action on the transcript 
abundance of phosphoenolpyruvate carboxylase (Koser 
et al., 2008). As glucose uptake by the mammary gland 
is not insulin dependent, greater gluconeogenesis should 
almost certainly increase the production of lactose by 
the mammary gland and, because of the need to keep 
milk and blood isotonic, an increase in water move-
ment into the secretory cells and greater milk volume. 
Although White et al. (2012) reported no effect of 
concentrate supplementation on the expression of cyto-
solic phosphoenolpyruvate carboxylase in grazing dairy 
cows, Roche et al. (2010) reported greater circulating 
glucose concentrations in grazing cows consuming 5 kg 
DM of a corn-grain based concentrate, even when ME 
intake was not improved. This effect of carbohydrate 
type on milk volume has implications for milk revenue 
in systems paid for fluid milk, and, probably, EBAL, 
with increased lactose a drain on energy consumed.
Concentrate supplements high in NFC almost always 
increase milk protein concentration as well as milk 
protein yield (Sporndly, 1991; Bargo et al., 2003), pro-
vided the availability of MP is not limiting production 
(Mackle et al., 2000). This is not an effect of ME intake, 
with Roche et al. (2010) reporting a greater protein-
to-fat ratio with increased NFC, although ME intake 
and ECM yield did not differ. This effect of starch is 
almost invariably linked to the ruminal production of 
propionate and the associated increase in circulating 
insulin. Griinari et al. (1997) and Mackle et al. (1999), 
using a hyperinsulinemic-euglycemic clamp, reported a 
25 to 30% increase in milk protein yield when insulin 
concentrations were increased 4-fold. This increase in 
milk protein yield was due to increases in both milk 
yield and milk protein concentration. The insulin led 
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to a greater uptake of AA by the mammary gland, 
with circulating concentrations of EAA reduced by 33% 
and branched-chain AA by >40% (Mackle et al., 2000). 
The mammary gland was able to support the increased 
milk protein yields by increasing extraction efﬁciency of 
EAA, mammary blood ﬂow, and glucose uptake.
Although the results of Griinari et al. (1997) and 
Mackle et al. (1999, 2000) established the physiological 
principle that insulin stimulates the uptake of AA by 
the mammary gland, the insulin concentrations used 
were supraphysiological, especially when considered 
in a euglycemic setting, and their relevance in normal 
physiological ranges for insulin and glucose should be 
questioned. However, it should be noted that Dunshea 
et al. (2005) were able to increase milk protein secre-
tion with both supplemental branched-chain AA and 
an euglycemic clamp in lactating sows with insulin 
concentrations within the physiological range (i.e., 
50% increase in insulin). Furthermore, the results re-
ported by Rius et al. (2010) confirm the mechanisms 
elucidated by the aforementioned authors; abomasal 
infusions of starch and associated increases in plasma 
insulin increased milk and milk protein yields, increased 
mammary plasma flow, reduced arterial concentrations 
of AA, and increased mammary clearance rates and 
the net uptake of some AA. Starch infusions increased 
phosphorylation of ribosomal protein S6 and endothe-
lial nitric oxide synthase, consistent with changes in 
milk protein yields and plasma flow, respectively.
Fermentable fiber-based concentrates and concen-
trates with high fat contents do not increase milk pro-
tein percentage and, in many instances, may reduce it. 
This effect, although much more difficult to predict, 
reflects a failure to change the insulin–glucose axis 
toward increased AA uptake. For example, when fer-
mentable fiber-based concentrate feeds are offered, the 
ruminal production of acetate and butyrate increases 
and there is little change, if any, in ruminal propionate 
production (Van Soest, 1994). Therefore, the endocrine 
changes necessary to increase AA uptake by the mam-
mary gland are not enacted and milk protein percentage 
does not change. In comparison, Palmquist and Moser 
(1981) reduced blood glucose and insulin concentra-
tions and induced insulin resistance when feeding by-
pass fat. This could be the mechanism by which dietary 
fat negatively affects milk protein percentage.
The effect of concentrate supplementation on milk 
fat content is varied and heavily dependent on con-
centrate composition. Fermentable fiber-based con-
centrates tend to increase milk fat content and yield 
compared with NSC-based concentrates (Higgs et al., 
2013), probably because of the increased availability of 
acetate and butyrate from ruminal fermentation rela-
tive to propionate. In most circumstances, NSC-based 
concentrates do not affect milk fat yield but decrease 
milk fat percentage because of the increase in milk vol-
ume (Jenkins and McGuire, 2006). However, in unusual 
circumstances, NSC-based concentrates can lead to a 
depression in milk fat yield. In TMR-based systems, 
this depression in milk fat has been attributed to the 
production of particular isomers of CLA during the 
ruminal biohydrogenation of linoleic acid, most notably 
trans-10,cis-12 CLA. The particular conditions that 
result in this isomer are not fully understood, but small 
quantities abomasally infused decreased milk fat by up 
to 50% in a dose-dependent manner (Baumgard et al., 
2000; de Veth et al., 2006; Jenkins and McGuire, 2006). 
In pasture-based systems, this particular CLA isomer 
has not been identified in milk, either because it is not 
an intermediary in the biohydrogenation of linolenic 
acid (C18:3), the predominant FA in pasture, or it is 
present in such small quantities that its peak coalesces 
with the leading edge of the peak for cis-9,trans-11 CLA 
during chromatography (Dunshea et al., 2008). How-
ever, with the inclusion of enough GBC, the amount of 
linoleic acid (C18:2) and the rumen conditions could be 
right for the production of trans-10,cis-12 CLA and the 
suppression of milk fat.
In summary, supplementation of concentrate to graz-
ing dairy cows increases milk yield and the yields of fat, 
protein, and lactose. However, the size of this response 
is dependent on substitution rate, and the relative pro-
portions of fat, protein, and lactose in the increase in 
milk component yield is primarily dependent on supple-
ment composition. Offering an NSC-based concentrate 
increases milk protein percentage (and yield) through 
an insulin-induced increase in mammary blood flow and 
in the uptake of AA by the mammary gland. Ferment-
able fiber-based concentrates, on the other hand, can 
lower the protein content of milk but tend to increase 
milk protein yield through increases in milk volume. 
Supplementation with bypass fat can lower milk pro-
tein yield through negative effects on blood insulin and 
glucose concentrations. Compared with milk protein 
percentage, milk fat percentage is often reduced by 
NSC-based concentrates and enhanced by the inclusion 
of fermentable fiber-based concentrates. Fermentable 
fiber-based concentrates also increase the yield of milk 
fat; however, the effect of NSC-based concentrates on 
milk fat yield is variable.
Energy Balance and BCS
A cow’s BCS is a subjective assessment of her adipose 
and muscle tissue stores (Roche et al., 2004, 2009a). 
In most mammals, these reserves are stringently main-
tained by peripherally and centrally produced hormones 
(Roche et al., 2008a), in accordance with the “lipostat-
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ic” theory (Kennedy, 1953; Anukulkitch et al., 2009). 
The provision of nutrients for the neonate mammal, 
however, is facilitated by lipolysis and muscle catabo-
lism for a period postpartum. Dairy cows also exhibit 
this mammalian tendency to nurture the neonate from 
tissue stores (Bauman and Currie, 1980), losing condi-
tion for approximately 40 to 100 d after calving before 
replenishing lost tissue reserves (Friggens et al., 2004; 
Pryce and Harris, 2006; Sumner and McNamara, 2007; 
Roche et al., 2009a). What makes dairy cows distinct 
from all other mammalian species, however, has been 
the intense trans-generational genetic selection for total 
milk production and early lactation milk production, 
in particular during the last 50 yr (Dillon et al., 2006). 
Such selection pressures have resulted in many physi-
ological changes that facilitate greater mobilization of 
BCS in dairy cows than other mammals (McNamara 
and Hillers, 1986b; Roche et al., 2007a; Lucy et al., 
2009; Grala et al., 2011).
The importance of BCS (i.e., energy state) and EBAL 
at key times in the lactation cycle was extensively 
reviewed by Roche et al. (2009a). However, because 
of the likely effect of genetics and nutrition on BCS 
and BCS change (Roche et al., 2006a; McCarthy et al., 
2007) and the effect of cow BCS on response to con-
centrate supplements (Stockdale, 2000a), a summary 
of the role of BCS in animal productivity, health, and 
reproduction as well as the nutritional factors regulat-
ing lipolysis and lipogenesis is required.
Importance of BCS for Milk Production, Re-
production, Health, and Welfare. A cow’s BCS at 
calving and during the reproductive period, as well 
as the change in BCS between calving and breeding, 
are important parameters for milk production, health 
and welfare, and reproductive function (Roche et al., 
2009a). Any strategy that ensures a calving BCS of 3.0 
to 3.25 and ensures BCS loss postcalving ≤0.5 BCS 
units will improve cow productivity and health, while 
also ensuring a favorable public perception of cow wel-
fare (Roche et al., 2009a).
Lipogenesis and Lipolysis. Within adipocytes, 
2 metabolic processes—lipolysis and lipogenesis—are 
continuously occurring, resulting in intracellular tri-
glycerides constantly being degraded and resynthesized. 
Simply, when the requirement for energy is greater 
than the supply of energy, the rate of lipolysis exceeds 
that of lipogenesis and re-esterification, the cow loses 
BCS (i.e., is in negative EBAL), and blood NEFA con-
centrations increase. In comparison, when ME intake 
exceeds requirements, the rates of lipogenesis and re-
esterification exceed that of lipolysis, and the cow, who 
is in positive EBAL, stores the excess fuels and BCS 
increases (Brockman and Laarveld, 1986; Roche et al., 
2009a). This relationship is complicated in a lactating 
mammal, however, because at least a portion of the ad-
ditional energy consumed can be used for milk produc-
tion if other nutrients are not limiting. Similarly, milk 
production can be reduced to compensate for a reduc-
tion in nutrient consumption, thereby sparing maternal 
tissues. In such situations, EBAL does not change by 
an amount commensurate with the change in DMI.
Role of Nutrition in Regulating Energy Bal-
ance and BCS Change. The balance between lipolysis 
and lipogenesis is under endocrine regulation. Growth 
hormone directly regulates ruminant adipose stores by 
enhancing the response to lipolytic stimuli (Liesman et 
al., 1995), attenuating the lipogenic response to insulin 
(del Rincon et al., 2007), and inhibiting the insulin-
mediated uptake of glucose by adipocytes. Catechol-
amines, such as epinephrine and norepinephrine, act as 
potent lipolytic stimulators (Bauman and Currie, 1980; 
Sechen et al., 1990), activating the regulatory subunits 
of both hormone-sensitive lipase and perilipin pro-
teins, thereby increasing lipolysis (Stipanuk, 2000). In 
comparison, insulin suppresses gluconeogenesis, stimu-
lates lipogenesis from acetate in bovine adipocytes, 
and increases the uptake of glucose by adipose tissue 
(Bauman and Currie, 1980; Vernon and Finley, 1985; 
Brockman and Laarveld, 1986). In addition, it results 
in a greater abundance of growth hormone receptors in 
liver tissue (Rhoads et al., 2004), in effect reducing the 
circulating concentration of growth hormone and its 
indirect lipolytic action.
This endocrine regulation of adipose tissue metabo-
lism is abundantly evident in the high-producing dairy 
cow in early lactation. During the transition between 
gestation and lactation, there is a reduced abundance 
of the primary hepatic growth hormone receptor 
(GHR-1A), reducing the production of IGF-1 by ~70% 
and, in effect, taking the brakes off growth hormone 
production. This phenomenon is commonly referred to 
as the uncoupling of the somatotropic axis (Block et 
al., 2001; Lucy et al., 2001; Radcliff et al., 2003; Rhoads 
et al., 2004) and is peculiar to the high-producing dairy 
cow (Lucy et al., 2009). At the same time, circulating 
insulin concentrations are low (Bines and Hart, 1982), 
peripheral tissues are resistant to insulin action (Bau-
man and Currie, 1980), and bovine adipose tissue is 
increasingly responsive to catecholamines (McNamara, 
1988). Collectively, these endocrine patterns facilitate a 
net release of NEFA from adipose tissue.
This endocrine regulation of adipose tissue metabo-
lism can be manipulated by nutrition, although there 
appears to be an interaction with stage of lactation 
and cow genetics (Roche et al., 2009a). During periods 
of feed restriction, transcript abundance of GHR-1A 
in liver is reduced (Breier et al., 1988; McGuire et al., 
1992), growth hormone concentrations increase (Kay 
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et al., 2013), and IGF-1 and insulin concentrations de-
cline (Brockman and Laarveld, 1986; Kay et al., 2013). 
These changes result in increased lipolysis, reduced 
lipogenesis, and a net export of NEFA out of adipose 
tissue. In comparison, supplementing grazing dairy 
cows with concentrates results in an earlier recoupling 
of the somatotropic axis and a consequential decline 
in growth hormone concentration and an increase in 
circulating concentrations of insulin and IGF-1 (Grala 
et al., 2011). In addition, concentrate supplementation 
of grazing dairy cows reduces insulin resistance and 
increases the rate of glucose clearance following an in 
vivo glucose tolerance test (Chagas et al., 2009). These 
changes result in either an earlier return to positive 
EBAL or a more positive EBAL and an increase in 
adipose stores.
These effects of nutrition are, however, affected by 
both stage of lactation and cow genetics and, possibly, 
an interaction between the 2. Early lactation lipolysis 
is genetically controlled, whereas lipogenesis is under 
both genetic and environmental regulation (McNamara 
and Hillers, 1986a,b; Roche et al., 2009a). McNamara 
and Hillers (1986a) reported that high-genetic-merit 
cows had lipogenesis rates approximately 40% those 
of low-genetic-merit cows throughout lactation, and 
noted no effect of underfeeding on lipogenesis at 15 
DIM, whereas lipogenesis was reduced by 40% by un-
derfeeding at 30 DIM. In comparison, lipolysis was ~20 
to 40% greater and the response to lipolytic signals was 
between 12 and 50% greater in high-genetic-merit cows 
throughout lactation (McNamara and Hillers, 1986b); 
energy restriction had no effect on lipolysis in early 
lactation. The lack of effect of nutrition on lipogenesis 
or lipolysis in very early lactation indicates the prioriti-
zation of nutrients for milk production and that rates of 
lipolysis are near the physiological maximum and can-
not be increased further by undernutrition. A decline 
in circulating insulin concentrations (Bines and Hart, 
1982) and a greater uncoupling of the somatotropic 
axis (Lucy et al., 2009) with genetic selection for milk 
production further supports a homeorhetic adaptation 
to facilitate milk production at the expense of body 
tissue.
Several recent experiments have explored the effect of 
nutrition on the inter-lactation profile of BCS change. 
Roche et al. (2006a) reported that concentrate feeding 
in early lactation did not affect the rate of BCS loss 
in early lactation, but reduced the duration of BCS 
loss (i.e., fewer DIM to nadir BCS), thereby slightly in-
creasing nadir BCS. Similar conclusions were reported 
in an independent study in Ireland (McCarthy et al., 
2007). This lack of effect of nutrition on rate of BCS 
loss in early lactation is consistent with the subsequent 
findings of others (Friggens et al., 2007; Roche, 2007; 
Pedernera et al., 2008; Delaby et al., 2009) and are 
in agreement with the general conclusion of McNa-
mara and Hillers (1986a,b), that lipolysis is primarily 
regulated genetically, whereas lipogenesis is environ-
mentally controlled. The greater post-nadir BCS gain 
with increasing concentrate supplementation (Roche et 
al., 2006a; McCarthy et al., 2007) concurs with this 
hypothesis. Further evidence of this effect of NSC 
supplementation on BCS was reported by Washburn 
et al. (2002) and Roche et al. (2007a), who reported 
consistently lower BCS across the intercalving interval 
in cows fed grazed pasture compared with a genetically 
similar cohort fed TMR.
The reason for the inconsistent effects of diet in 
early versus mid to late lactation is not clear. How-
ever, it is probably associated with the physiological 
effects of GH and insulin discussed previously. Lucy et 
al. (2009) reported a recoupling of the somatotropic 
axis between 28 and 56 DIM in New Zealand Holstein-
Friesian cows, although they did not detect a return 
to the prepartum expression of hepatic GHR-1A in 
North American Holstein-Friesian cows by 84 DIM. 
This is consistent with the different timing of nadir 
BCS in these genetic strains in an independent data 
set (Roche et al., 2006a). Although data presented 
by Grala et al. (2011) and Chagas et al. (2009) are 
in agreement with the genetic strain effects on these 
physiological factors affecting lipid metabolism, they, 
respectively, reported an earlier recoupling of the so-
matotropic axis and a reduction in insulin resistance 
in grazing cows offered more than 3 kg of DM/d con-
centrates in early lactation. These data imply that the 
genetic target for nadir BCS can be modified by nutri-
tion, consistent with the lipogenic findings of McNa-
mara and Hillers (1986a) and Smith and McNamara 
(1990), but the effect on BCS is not biologically large 
(0.06 BCS units/100 kg of NSC equivalent: 5-point 
scale; R2 = 0.78; Roche et al., 2006a). Furthermore, 
this effect of nutrition on adipose tissue metabolism is 
affected by the genetic merit of the cow (Roche et al., 
2006a), with HP cows gaining only 50% of the BCS 
with concentrate supplementation compared with NZ 
cows. The post-nadir increase in BCS in cows offered 
diets containing greater concentrations of NSC is likely 
associated with the lipogenic and antilipolytic effects 
of insulin (Vernon, 1992), the circulating concentra-
tion of which would be expected to be greater due to 
the increased ruminal production of propionate. The 
lower insulin concentration in high-genetic-merit cows 
(Bines and Hart, 1982) is consistent with the lower 
level of BCS gain in the HP cows.
In summary, adipose tissue metabolism consists of a 
balance between lipolysis, lipogenesis, and FA re-ester-
ification. Although BCS loss is a natural mammalian 
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adaptation, intensive selection for milk production has 
resulted in cows that are prepared to mobilize BCS to 
the detriment of health and reproduction. After ap-
proximately 30 DIM, the balance between lipolysis and 
lipogenesis can, on average, be turned in favor of BCS 
gain in grazing dairy cows by increasing the consump-
tion of concentrate supplements. However, HP cows 
require a greater level of concentrate supplement to ef-
fect change in these metabolic pathways. The ability to 
individually offer cows concentrate supplements based 
on BCS or BW criteria offers a potential opportunity 
to improve production, reproduction, and, perhaps, 
health, and to enhance public perception of dairying 
through effective management of otherwise thin cows. 
In addition, the net efficiency of producing milk from 
BCS in grazing cows is low because of the low efficiency 
of BCS gain from autumn pasture (Mandok et al., 
2013). The efficiency of gaining condition is also 10% 
greater in lactating cows than in nonlactating cows 
(Moe and Tyrrell, 1972; Yan et al., 1997). These factors 
mean that the opportunity to manage BCS through 
individualized feeding at key periods during lactation 
and gestation should improve feed conversion efficiency 
on grazing dairy farms
Potential for Using Cow-Level Factors to Define 
Individualized Feeding Strategies that Improve 
Production and Energy Balance
Compelling evidence indicates that cow-level factors 
could be used to define appropriate individualized feed-
ing strategies for grazing dairy cows. The dairy cow 
herself affects the marginal milk production and BCS 
response to concentrate supplementation, and this ef-
fect relates, in some way, to the balance between the 
supply of and demand for nutritional factors (e.g., ME, 
protein, AA). There are published cow genetic differ-
ences in the concentration of humoral hunger and sati-
ety agents, substitution rate and total DMI, and in the 
partitioning of nutrients between milk and BCS. With 
higher levels of supplementation, there is an increasing 
chance of different nutrient deficiencies limiting re-
sponses to supplement, such that provision of multiple 
feeds will be required to maximize productivity from 
supplementary feeding. In addition, the marginally 
deficient rotational grazing management protocol and 
aspects of behavioral hierarchy that result in greater 
access to pasture for some cows (e.g., whether cows 
are milked early or late in the milking schedule) result 
in a competitive environment of feed acquisition. It is 
plausible that some combination of these cow factors, 
complex nutritional deficiencies, and cow × grazing 
management interacting factors could be used to define 
appropriate supplementation of cows such that the final 
milk production response to supplementary feeds (i.e., 
immediate and deferred responses) will be greater than 
if all cows in the herd were fed similarly (i.e., flat-rate 
feeding).
IMPLICATIONS OF INDIVIDUALIZED FEEDING  
ON RUMEN FUNCTION AND HEALTH
Grazing dairy cows are diurnal animals verging on 
crepuscular, with almost all of the pasture DMI achieved 
in 2 large grazing bouts immediately after sunrise and 
immediately before sunset (Hafez, 1969; Sheahan et al., 
2011). This is very different from the feeding behavior 
of housed cows, wherein cows eat small meals more fre-
quently and spend less time eating and more time ru-
minating (Thorne et al., 2003). These differences have 
potentially important consequences for rumen function, 
with a rapid postfeeding decline in rumen pH due to 
the large volume of fermentable material and less saliva 
production because of less rumination activity. These 
conditions have been suggested by some researchers 
to represent (subacute) ruminal acidosis (Bramley et 
al., 2008; Enemark, 2008; O’Grady et al., 2008), with 
negative consequences for cow health and productivity. 
Such conditions are exacerbated when cows are offered 
concentrate supplements in addition to grazed pas-
ture, because the timing of the supplementation (i.e., 
at milking) and the resultant fermentation coincides 
with the consumption and associated fermentation of 
pasture and because of the rapidity and nature of the 
fermentation when the supplement is NSC. Rumen 
function in grazing dairy cows will be examined in this 
section and the possible effect of supplementary feeding 
on rumen function and associated health issues consid-
ered, with a particular focus on individualized feeding 
strategies that could be used to improve cow health and 
productivity.
Rumen Function in Grazing Dairy Cows
Because of the diurnal nature of feeding activity 
(Sheahan et al., 2011), rumen pH follows a sinusoidal 
pattern, with peaks prefeeding in the morning and after-
noon and relatively deep troughs after the major feed-
ing bouts (Wales and Doyle, 2003; Wales et al., 2004). 
de Veth and Kolver (2001a,b) reported that although 
rumen fermentation appeared to continue unimpeded 
when the mean rumen pH was 5.8 or greater in dual-
flow continuous culture systems, a mean rumen pH of 
5.4 or excessive periods of the day at pH 5.4 resulted in 
reduced fiber digestion and less microbial protein flow-
ing to the small intestine. Wales et al. (2004) advanced 
this thinking when they compared mean rumen fluid 
pH of 5.6 and 6.1 in vitro, with the pH either main-
Journal of Dairy Science Vol. 98 No. 3, 2015
INVITED REVIEW: INDIVIDUALIZED FEEDING OF CONCENTRATE SUPPLEMENTS 1379
tained constant throughout the day or allowed to vary 
in the sinusoidal pattern exhibited under grazing. They 
reported a decrease in DM and NDF digestibility at the 
lower mean pH, consistent with the earlier reports of 
de Veth and Kolver (2001a,b), but also noted that the 
extent of the reduction in digestibility was exacerbated 
by the sinusoidal pattern of pH change. These results 
indicate that the sinusoidal pattern of rumen fermenta-
tion and the period that cows spend at suboptimal pH 
(i.e., pH <5.8) is as important, if not more so, as the 
mean rumen pH. These data are important because the 
mean rumen pH of cows grazing temperate pastures is 
frequently ≤6.0 and has been reported to decline below 
pH 5.8 (Kolver and de Veth, 2002) in supplemented 
dairy cows; with a mean rumen pH of 5.8, the nadir 
pH could be as low as pH 5.4 (Wales and Doyle, 2003). 
In fact, Gibbs and Laporte (2008) reported that in un-
supplemented cows grazing highly digestible pasture in 
New Zealand, cows spent, on average, 80, 20, and 10% 
of their time at pH below 6.0, 5.5, and 5.0, respectively.
The reduced DM and NDF digestibility associated 
with the sinusoidal pattern of rumen pH in vitro (de 
Veth and Kolver, 2001a,b; Wales et al., 2004), how-
ever, are not consistent with in vivo data. Kolver and 
de Veth (2002) collated 121 treatment means from 23 
studies in which cows consumed 50 to 100% of their 
diet as fresh grass or legume pastures. They reported 
an increase in microbial protein flow and milk and 
milk component yield with decreasing mean rumen 
pH, down to a mean rumen pH of 5.6. Microbial pro-
tein N flow increased by between 16.5 (between study) 
and 18.1 (within study) g/d for every 0.1-unit decline 
in mean rumen pH. Similarly, milk, fat, and protein 
yields increased by 1.1 kg/d, 25 g/d, and between 27 
and 44 g/d, respectively, with every 0.1-unit decline in 
rumen pH. The data indicated no relationship between 
DM or NDF digestibility and mean rumen pH. These 
results are consistent with the detailed profiling of ru-
men pH on commercial farms in New Zealand (Gibbs 
and Laporte, 2008) and, to a lesser extent, Australia 
(Bramley et al., 2008), and Ireland (O’Grady et al., 
2008).
The reasons for the apparent inconsistency between 
in vivo and in vitro studies are not clear. The lower pH 
in vivo is almost always associated with greater DMI, a 
factor not accounted for in the aforementioned in vitro 
studies. In addition, in in vitro dual culture systems, 
hydrochloric acid is used to reduce the pH beyond the 
normal accumulation of acids during fermentation. 
In comparison, when cows are fed fresh pasture, the 
decrease in pH is predominantly through the produc-
tion of acetic acid. These acids may have very different 
effects on the activity of the rumen microorganisms, 
which could explain, at least in part, the lower DM and 
NDF digestibility in vitro. It may also reflect other ef-
fects of diet that cannot be modeled in these simplistic 
in vitro systems, such as additional saliva production, 
faster rumen liquid passage rates, or adaptation of the 
microbial population to low pH.
Individualized Supplementation of Grazing Dairy 
Cows and the Risk of Acidosis
As outlined in the previous section, the collective 
literature from studies involving cows consuming pri-
marily fresh pasture do not support the presence of low 
rumen pH as an indicator of rumen dysfunction. Milk 
production data, VFA patterns, grazing and rumina-
tion behavior, and even DNA profiling of the microbial 
populations (Kolver and de Veth, 2002; Wales and 
Doyle, 2003; Gibbs and Laporte, 2008) indicate that 
the rumen is functioning normally at what would be 
regarded as suboptimal rumen conditions in housed 
cows being fed a TMR (Enemark, 2008). However, it 
is widely recognized that the consumption of NSC by 
grazing dairy cows causes rumen pH to decline further 
(Dalley et al., 2001; Bramley et al., 2008) and the ru-
men VFA profile shifts to more propionate, valerate, 
and lactate, and less acetate. With the moderate to 
high use of GBC supplements on many farms and the 
less controlled access of cows to “high sugar” forage 
crops (e.g., turnips, swedes, fodder beet), the potential 
for cows to become acidotic is greater and the potential 
of individualized feeding strategies to avert that risk 
must be considered.
Different cereal grains contain different amounts of 
starch, and the site of digestion and the rate of degra-
dation of the starch also differ. Starch is encased in the 
endosperm of the cereal, enmeshed in a protein matrix 
(Rooney and Pflugfelder, 1986). The ease with which 
the protein matrix is degraded by rumen microorgan-
isms determines the speed of starch fermentation and, 
consequently, the rate of acid production. With the 
exception of corn and sorghum, almost all starch from 
cereal grains is fermented in the rumen (Orskov, 1986). 
The extent of prefeeding processing of the grain also 
influences the speed of fermentation, either by assisting 
in the breakdown of the protein matrix or the gelatini-
zation of the starch (e.g., steam flaking) or by increas-
ing the surface area immediately available to microbial 
enzymes (e.g., milling the grain).
Increasing the proportion of NSC in the diet through 
increased consumption of GBC supplements generally 
reduces rumen pH and fiber digestibility (Leddin et al., 
2009, 2010), and increases the production of propio-
nate, lactate, and valerate (Dalley et al., 2001; Wales 
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and Doyle, 2003; Bramley et al., 2008; Auldist et al., 
2013b). Although the effect of NSC intake on mean 
rumen pH appears to be linear (Figure 2), the effect 
on the profile of VFA concentration is not. The data 
presented in Figure 2 highlight this. Rumen pH de-
clined linearly with increasing consumption of wheat, 
whereas the effect of diet on the profile of propionate 
and valerate concentration only became apparent when 
the cows consumed more than 11 kg DM of crushed 
wheat. Incidentally, the effect of diet on measured ru-
men parameters occurred whether cows were fed their 
wheat in 2 equal feeds at milking or as part of a mixed 
ration (Auldist et al., 2013b).
In addition to the increased risk of acidosis associ-
ated with high levels of starch consumption, challeng-
ing cows with 0.4% of BW as fructose in the diet 
can cause fluctuations in DMI and lactic acidosis 
(Golder et al., 2012). The effect of fructose, however, 
must be considered in the practicality of the treat-
ment. Cows were fed their fructose allocation during 
milking combined with their grain allotment. For a 
500-kg cow, this treatment was equivalent to eating 
1 kg DM of fructose in approximately 10 min and in 
conjunction with 2 kg DM of triticale. Such a rate of 
consumption of fructose is not likely, even when cows 
are grazing high-sugar forage crops (e.g., brassicas or 
fodder beet). Nonetheless, the results do highlight the 
importance of appropriate adaptation strategies and 
precise allocation of crop.
Potential for Individualized Feeding to Mitigate  
the Risk of Rumen Dysfunction and Acidosis
The provision of large amounts of GBC (>11 kg 
of DM/d) to cows in conjunction with high-quality 
pasture reduces rumen pH and shifts VFA patterns to 
those indicative of acidosis risk (Auldist et al., 2013b). 
Therefore, one needs a biomarker of rumen state that is 
correlated with the point at which the consumption of 
NSC indicates a deviation from a normal rumen state. 
The changes in rumen parameters are often reflected 
in changes to milk composition (i.e., fat and protein 
percentage, fat-to-protein ratio), but the effect is not 
consistent.
To be able to optimally feed cows requires an ac-
curate estimate of what is being consumed to enable 
accurate ration balancing or, ideally, a biomarker of ru-
men function and cow metabolic status. The former will 
allow optimal management of a herd, ensuring that the 
diet is constructed to achieve the best out of the herd. 
However, it does not account for the individual animal. 
In addition, it is currently impractical to measure the 
amount of pasture that is being consumed during graz-
ing. The lack of this information makes ration balanc-
ing more difficult and either more conservative, so as 
to avoid the higher end of the NSC supplementation, or 
more precarious, by potentially pushing NSC consump-
tion too high for many cows. This was reflected in the 
recent publication of Auldist et al. (2013b), wherein 
milk production and rumen parameters improved when 
2 to 2.5 kg DM of wheat was replaced by canola meal. 
Individualized management of cows will require the 
identification of an as-yet-unknown factor in milk (i.e., 
a milk signature or “fingerprint”) that reflects when ru-
men parameters are indicative of poor rumen function 
and an associated decline in productivity. Until such 
a factor is identified and its measurement simplified, 
individualized feeding of cows to ensure optimal ru-
men function will likely involve ration balancing on the 
basis of diet composition, in particular NSC and NDF 
concentrations.
Rumen modifiers such as monensin, virginiamycin, 
tylosin, and lasalocid have been evaluated for their abil-
ity to control the risk of acidosis (RAGFAR, 2007). Al-
though evidence suggests that various rumen modifiers 
may provide some control of acidosis risk (Golder et 
al., 2014) when cows are fed high levels of concentrates 
(14 and 16 kg of DM; Auldist et al., 2013a) or when 
substantial ruminal concentrations of lactic acid (>20 
mmol/L) were present (Golder et al., 2014), the risk 
of acidosis was not controlled by the rumen modifiers 
used. The large variability between animals in response 
to rumen modifiers (Golder et al., 2014) supports the 
need for a biomarker indicative of poor rumen function 
to ensure all animals are managed optimally.
In summary, production, behavior, and measured ru-
men parameters indicate that although rumen pH is 
low in cows grazing high-quality temperate pastures, 
rumen function is not compromised and, in fact, milk 
production is often negatively associated with rumen 
pH. Supplementing cows with NSC increases the risk 
of acidosis in a nonlinear fashion. Recent studies indi-
cate that a threshold level of NSC consumption exists, 
below which the cow functions normally but above 
which she produces suboptimally (Auldist et al., 2013b) 
and is, likely, at an increased risk of acidosis. If this 
threshold can be identified for individual cows, the diet 
can be altered to replace NSC with fermentable fiber 
sources or rumen modifiers, thereby increasing DMI, 
feed conversion efficiency, and milk production (Auldist 
et al., 2013b), and reducing the risk of acidosis. Many 
biological parameters change during the shift from a 
nonacidotic state to subclinical and clinical acidotic 
states, and future research should focus on identifying 
a signature in milk that could be easily measured in 
real time. Such information could be used to allocate 
ration ingredients individually to cows to maximize 
profitability and optimize health.
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Individualized Supplementation of Grazing  
Dairy Cows and the Risk of Laminitis
Laminitis (a noninfectious inflammation of the corion 
that leads to lameness in dairy cattle) is often associated 
with acidosis (RAGFAR, 2007; Enemark, 2008), with 
increased DMI of a GBC linked to an increase in the 
incidence of lameness (Manson and Leaver, 1988a,b). 
Although the pathogenesis of laminitis remains uncer-
tain and laminitis can exist independently of acidosis, 
the main precipitating factor is a change in diet (for a 
recent review, refer to Lean et al., 2013).
Manson and Leaver (1988a,b), evaluated the effects 
of feeding a GBC at 7 or 11 kg/d on lameness of dairy 
cows on a grass silage-based diet. Cows on the higher 
concentrate diet had 3.7 times more observations of 
lameness/cow per week, and the severity and duration 
of lameness incidents were significantly greater than in 
Figure 2. Effects of feeding rate of wheat supplement on rumen pH and VFA for grazing cows fed wheat in the bail at milking and pasture 
silage in the paddock. The ratio of grain:forage fed as supplement was 75:25 (DM basis). Values are means ± SEM; n = 2 cows/feeding rate 
(W. J. Wales, L. C. Marett, J. S. Greenwood, M. M. Wright, M. Hannah, and M. J. Auldist, Agriculture Research Division, Department of 
Environment and Primary Industries, Ellinbank Centre, Victoria, Australia; unpublished data).
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cows on the lower concentrate diet. The major cause 
of lameness was sole problems in the hind feet. Similar 
effects of high-concentrate diets on sole hemorrhages 
were reported by Livesey et al. (1998), although Pryce 
et al. (1999) reported no significant difference in lame-
ness risk in more than 1,000 cows that were fed diets 
differing in the level of concentrate offered.
In addition to an increased risk of lameness with in-
creasing feeding of GBC, challenging cows with doses 
of oligofructose of between 0.75 and 2.1% of BW have 
also been associated with an increase in the incidence 
of lameness (Thoefner et al., 2004, 2005; Danscher et 
al., 2009, 2010). However, the size of these doses must 
be considered (i.e., equivalent to 4 to 10 kg of oligo-
fructose for a 500-kg cow) in any assessment of the risk 
of lameness from consumption of fructose. In addition, 
the speed at which the fructose allotment is consumed 
is also likely to contribute to the ruminal conditions 
predisposing cows to lameness.
Negative associations have also been reported between 
feeding highly degradable protein and severity of lame-
ness in cattle (Bazeley and Pinsent, 1984; Ossent and 
Lischer, 1997), with evidence for increased lameness with 
cows on a high-protein diet (19.3%) compared with a 
low-protein diet (16.1%; Manson and Leaver, 1988b). 
This effect could be related to concentration of blood 
ammonia and its potential negative effect on the sensitive 
germinal cells of the lamellae and corium. Nevertheless, 
with low levels of lameness detected in unsupplemented 
grazing dairy cows, when dietary protein is often in ex-
cess of 25% DM, some other factor must be contributing 
to the lameness reported in these circumstances.
In summary, there is probably limited scope for in-
dividualized feeding of cows to avoid lameness, other 
than through the aforementioned strategies to avoid 
rumen dysfunction. The role of dietary components 
is important to the risk of lameness, with increased 
incidence associated with increased supplementation of 
GBC. Although high levels of oligofructans and highly 
degradable protein may increase the risk of lameness, 
the levels tested were in excess of biologically plausible 
scenarios under grazing. Nonetheless, these risk fac-
tors would be detected by an effective biomarker of 
rumen state and could be considered in the provision of 
individualized diets, especially for cows receiving high 
levels of concentrate supplements.
Individualized Supplementation of Grazing  
Dairy Cows and Heat Stress
The thermal environment can have a major effect on 
both the productivity and health of high-producing dairy 
cows. Lactating dairy cattle are particularly susceptible 
to heat stress due to the high metabolic loads of milk 
synthesis and visceral metabolism that are associated 
with high DMI. According to Kadzere et al. (2002), at 
ambient temperatures above 25 to 26°C, a cow reaches 
a stage where she can no longer cool herself adequately 
and heat stress begins. Other factors, such as humidity, 
solar radiation, and wind speed can influence an ani-
mal’s response to heat stress. A temperature-humidity 
index (THI) that takes into account both temperature 
and humidity levels [THI = 0.72(W + D) + 40.6, where 
W is wet bulb and D is dry bulb temperature in °C] has 
been suggested to be a good measure of thermal stress 
(McDowell et al., 1976). At a THI >78, cows experience 
moderate heat stress and show markedly reduced DMI 
and milk production, and other physiological effects are 
generally evident (Silanikove, 2000). However, the THI 
does not take into account the duration and intensity of 
a thermal stress event, or the effect of air movement and 
solar radiation. More recently, a heat load index (HLI) 
that incorporates air temperature, air movement, and 
solar radiation effects has been developed (Gaughan 
et al., 2008). Based upon the HLI and associated with 
an accumulated heat load combining the intensity and 
duration of a cow’s exposure to heat, a specific dairy 
heat load index (DHLI) has been developed (Dunshea 
et al., 2013). Above a DHLI threshold of 75, the core 
body heat of a cow increases, leading to heat stress 
and associated physiological effects. The DHLI has re-
cently been included as part of a dairy risk assessment 
program that assists producers with predicting heat 
events and implementing appropriate management and 
nutritional interventions (Dunshea et al., 2013).
Response to Heat Stress. During periods of high 
thermal stress, animals reduce heat storage by reduc-
ing metabolic heat production and dissipating heat 
to the environment via latent and sensible pathways 
(Renaudeau et al., 2012). Heat stress negatively affects 
milk production, with reported reductions ranging from 
14% in early lactation up to 35% in mid lactation (Ber-
nabucci et al., 2010). Reduced DMI accounts for about 
35% of the decrease in milk production due to heat 
stress (Rhoads et al., 2009). The reduction in DMI is 
considered an adaptation by cows to reduce metabolic 
heat production. It follows, therefore, that diets that 
have a higher level of heat increment, such as fibrous 
summer pastures (Silanikove, 2000), would increase a 
cow’s heat load more than energy-dense diets contain-
ing GBC or fat supplements (Wang et al., 2010).
Heat stress also causes altered blood acid-base 
chemistry because of an increase in evaporative cool-
ing and body fluid loss. Respiratory alkalosis caused by 
increased panting leads to decreased blood bicarbonate 
concentrations, compromising bicarbonate buffering 
capacity and increasing susceptibility to metabolic aci-
dosis (Renaudeau et al., 2012). Insulin resistance might 
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contribute to increasing heat load in lactating dairy 
cows, because insulin resistance is closely associated 
with an impaired ability to regulate body temperature 
(DiGiacomo et al., 2014). Genetic selection for increased 
insulin sensitivity, or dietary agents that increase insu-
lin sensitivity, may help alleviate heat stress (Dunshea 
et al., 2013).
Variability in Response to Heat Stress. Con-
siderable variation exists for heat tolerance between 
individual cow breeds and even between individuals 
within a breed (Hansen, 2004; Gaughan et al., 2009). It 
is clear that the sensitivity of cattle to thermal stress is 
increased when milk production is increased (Berman, 
2005). For example, Dunshea et al. (2013) identified 
high- (28 to 38 kg of milk/d) and low-yielding (<23 kg 
of milk/d) cows and measured their susceptibility to 
heat stress using a system based on panting scores, and 
reported that higher milk yields were associated with 
increased heat stress risk.
Alleviating Heat Stress Through the Diet. One 
means of decreasing the susceptibility of a ruminant 
animal to heat stress is to reduce the heat of fermenta-
tion. The simplest way to achieve this is to reduce DMI 
during high temperatures (Russell, 2007). However, 
reducing DMI is not desirable in production animals. 
Increasing the energy density of the diet through 
increased use of GBC or fat supplements is a viable 
method for decreasing the volume of feed consumed 
and subsequently reducing the heat of ruminal fermen-
tation. Another possible way to decrease the heat of 
fermentation is to reduce the amount of ruminal starch 
fermentation by increasing the amount of starch in the 
diet that escapes ruminal fermentation (Russell, 2007). 
A recent study using infrared thermography indicated 
that dairy cows fed wheat-based diets have higher aver-
age flank temperatures, as well as greater differences 
between left and right flank temperature, than do dairy 
cows fed corn-based diets (Bland et al., 2013). There-
fore, feeding corn rather than wheat-based diets may 
improve the ability of dairy cows to handle heat stress. 
Alternatively, treating wheat with starch-binding 
agents that reduce the rate of rumen fermentation may 
provide a means of reducing the heat increment of the 
wheat’s fermentation (Dunshea et al., 2012).
The use of dietary agents for increasing sensitivity to 
insulin, such as chromium, may also assist with allevi-
ating heat stress (DiGiacomo et al., 2014). Chromium 
added to the diet of Holstein-Friesian cows has been 
reported to increase both milk yield and DMI during 
periods of high ambient temperature (Al-Saiady et al., 
2004). Hung (2012) also reported that dietary chromium 
can improve the ability of sheep to overcome heat stress 
and that some of the effect may be via improved insu-
lin sensitivity. Insulin resistance is also known to cause 
oxidative damage and there is evidence in sheep that 
supplementing with antioxidants may help mitigate the 
effects of heat stress (Chauhan et al., 2012). The feed-
ing of dietary betaine has been reported to increase 
DMI in heat-stressed cattle (Cronje, 2005; Loxton et 
al., 2007; DiGiacomo, 2011) and sheep (DiGiacomo 
2011). Conversely, in a more recent study in lactating 
dairy cows, dietary betaine increased milk yield dur-
ing a thermoneutral period but was associated with 
reduced feed and water intake during a period of heat 
stress (Hall et al., 2012). The use of dietary buffers to 
assist with alleviating symptoms of heat stress has been 
extensively reviewed by Sanchez et al. (1994). There 
have been increases in milk production interpreted as 
a response to the addition of sodium bicarbonate to 
cow diets (Schneider et al., 1986), although the effect is 
curvilinear (Sanchez et al., 1994).
Individualized Feeding and Heat Stress. The 
opportunity to individually bail feed supplements that 
may reduce the risk of heat stress, such as betaine, 
chromium, or antioxidants, or to offer grains with a dif-
ferent rate of ruminal fermentation or heat increment is 
a potential way in which individualized feeding of cows 
could reduce the risk and level of heat stress (Dunshea 
et al., 2013). Being able to identify those animals that 
are at a higher risk of heat stress and individually feed 
them multiple supplements is integral to the success 
of individualized feeding strategies to reduce the nega-
tive effects of heat stress on production and welfare 
of lactating dairy cows. Further research is required 
to identify biomarkers of heat stress or other ways to 
identify at-risk cows and to confirm the potential ben-
efits of feed additives, such as chromium and betaine, 
in reducing the effect of heat stress on lactating dairy 
cows.
A ROLE FOR INDIVIDUALIZED FEEDING  
IN IMPROVING THE REPRODUCTIVE  
OUTCOMES OF GRAZING DAIRY COWS
Background
Dairy cow fertility has declined in recent decades 
(Royal et al., 2000; Lucy, 2001; Berry et al., 2008; Frig-
gens et al., 2010; Roche et al., 2011), with cows tak-
ing longer to return to estrus (Lucy, 2001), displaying 
weaker signs of estrus, having poorer conception rates, 
and having greater embryo loss (Lucy, 2001; Diskin, 
2008b; Friggens et al., 2010). As a result, calving rate 
to first insemination has declined (Royal et al., 2000), 
intercalving interval has increased (Lucy, 2001), cows 
require more services/conception (Lucy, 2001; Mee et 
al., 2004), and, of particular importance in seasonal 
systems, the 6-wk recalving rate has declined (Burke et 
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al., 2008). Multifactorial reasons underlie this decline in 
fertility, but an associated increase in milk production 
has been a consistent feature. The decline is primarily 
manifested as a lower pregnancy rate and more days 
from calving to conception (days open; Diskin, 2008a), 
although negative effects on duration of postpartum 
anestrus have also been reported (Lucy, 2001; Friggens 
et al., 2010), particularly in pasture-based dairy cows 
(Rhodes et al., 2003).
Reproductive failure is often postulated to be a re-
sult of the greater negative EBAL associated with cows 
intensively selected for milk production (Roche et al., 
2006a). This hypothesis has merit, with association 
analyses implying relationships between measures of 
EBAL in early lactation and reproduction outcomes 
(Beam and Butler, 1999; Roche et al., 2007b, 2009a). 
Care must be taken, however, not to confuse inductive 
reasoning from observed associations (hypothesis gen-
eration) with experimental evidence of cause and effect; 
just because something is associated with a particular 
reproductive outcome does not necessarily mean the 
outcome will be different if steps are taken to alter 
the associated factor. Despite this, there is a growing 
belief among farmers and industry professionals that 
manipulating nutrition (e.g., increased DMI, altered 
structure to NSC content, altered protein composi-
tion, dietary fat content and FA composition) will be 
the answer to reproductive woes. In this section, the 
perceived problems associated with nutritional limita-
tions in pasture-based systems will be outlined and the 
possibility of improving reproductive outcomes through 
individualized feeding examined.
Timing of Nutritional Intervention Is Important
The chain of reproduction events between when a 
cow calves and recalves is long and complex, but can, 
essentially, be split in 2 when considering the interac-
tion with nutrition (Roche et al., 2011): preovulatory 
reproductive failure and postovulatory reproductive 
failure. The effects and appropriate timing of a nutri-
tional intervention could be different for both compo-
nents and should be considered separately.
Preovulatory reproductive failure is primarily a func-
tion of the timing of return to estrus postpartum. An 
early resumption of estrous cycles following calving is 
important, because delays result in reduced conception 
rates and pregnancy rates (Thatcher and Wilcox, 1973; 
Beukes et al., 2010). Extended anovulatory-anestrus 
remains a major cause of sub-fertility in pasture-based 
dairy herds (Rhodes et al., 2003) and has been rec-
ognized as an important contributory component of 
sub-fertility associated with increased milk production 
(Lucy, 2001; Friggens et al., 2010). The physiological 
processes underpinning the postpartum return to es-
trus and the effect of nutrition on these processes must, 
therefore, be understood.
Postovulatory reproductive failure is a major compo-
nent of poor reproductive performance. When high-fer-
tility bulls are used and cows are correctly inseminated, 
fertilization rates of 90% and over should be expected, 
irrespective of cow milk yield (Diskin, 2008b). Based 
on an average calving rate of 55%, Sreenan and Diskin 
(1986) calculated an embryonic and fetal mortality 
rate (excluding fertilization failure) of about 40% for 
moderate-producing cows and they estimated that 70 
to 80% of the loss occurred between d 8 and 16 after in-
semination (early embryo mortality). The comparative 
figure for embryonic and fetal mortality rate in high-
producing cows (i.e., those undergoing greater negative 
EBAL or those with a higher metabolic rate) is 55%, 
based on a calving rate of 40%. Some of this embryonic 
and fetal mortality may be alleviated by a nutritional 
intervention.
Potential Limitations of Pasture as a Feed  
for Reproductive Success
Roche et al. (2011) extensively reviewed the interac-
tion between nutrition and reproduction for pasture-
based systems and summarized the perceived limita-
tions of pasture as a feed. Briefly, although perennial 
pastures can be of high feed quality (i.e., high ME and 
CP content), differences in feed supply and quality at 
different times of the year, cow potential DMI relative 
to actual, a greater negative EBAL in unsupplemented 
grazing cows relative to supplemented grazing cows or 
those fed TMR, and the composition and nutrient bal-
ance of the most commonly grazed pastures have been 
suggested as contributors to poor fertility in pasture-
based systems.
Pasture Supply Relative to Demand. Temper-
ate pasture production is characterized by a spring 
peak that typically exceeds DMI requirements of the 
herd; insufficient moisture and excessive temperatures 
in summer often resulting in reduced growth and less 
than desired pasture quality; and cool temperatures in 
winter and early spring, resulting in less than required 
pasture growth. These climatic factors and their asso-
ciation with the seasonality of pasture growth and qual-
ity were presented in detail by Roche et al. (2009b). 
Start of breeding to maintain a 365-d intercalving pe-
riod in seasonal spring-calving systems coincides with a 
flush in pasture growth and adequate pasture provision 
in moderately stocked dairy farms. However, climatic 
conditions are variable, even in relatively stable cli-
matic zones (e.g., New Zealand). Roche et al. (2009c) 
reported that minimum grass temperature (tempera-
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ture at the plant’s growing point) was only 36 to 44% 
repeatable. In addition, rainfall and, therefore, mois-
ture availability in nonirrigated farming systems was 
only 3% repeatable within fortnight, across years, and 
solar radiation was 57% repeatable within fortnight, 
across years. These 3 factors (i.e., temperature at the 
plant’s growing point, soil moisture availability, and 
solar radiation) are the dominant forces in determining 
pasture growth rate, assuming nutrients are not limiting 
(Holmes, 1989). Their lack of repeatability within fort-
night, across years, suggests that, in seasonal systems, 
average pasture supply may not always equal dairy cow 
feed demand during breeding. This may provide the ra-
tionale for the individualized feeding of cows relative to 
their DIM and proximity to breeding, depending on the 
effect of periods of underfeeding and negative EBAL on 
reproduction outcomes.
Pasture Quality. Pasture quality is also highly vari-
able, with estimated repeatabilities within fortnight, 
across years, ranging from 22 to 54% for temperate 
forages (Roche et al., 2009b), depending on the quality 
parameter of interest. Compared with diets formulated 
to maximize milk production, optimally managed tem-
perate pastures have high concentrations of RDP and 
NDF and low NSC. If these suggested “deficiencies” in 
pasture supply and quality relative to an “ideal diet” 
limit reproductive success, it could be beneficial to pro-
vide cows with individualized diets relative to the stage 
of their reproductive cycle through in-parlor feeding to 
increase the likelihood of a successful pregnancy.
In summary, although temperate pastures are primar-
ily of high nutritional value for ruminant animals, vari-
ability in feed supply and an inability of high-producing 
dairy cows to consume sufficient pasture to meet their 
requirements, or a deficiency or oversupply of key nu-
trients at particular times relative to breeding, could 
contribute to reproductive failure in grazing systems. 
Being able to individually feed cows relative to their 
DIM or day relative to breeding could perhaps improve 
pregnancy rates either by alleviating negative EBAL or 
by altering diet composition to support reproductive 
processes. The likely advantages of individualized feed-
ing from a reproduction perspective will be explored in 
subsequent sections.
Pasture Supply, EBAL, and Reproduction: 
Implications for Individualized Feeding Strategies
All mammals utilize stored reserves postpartum (i.e., 
have some degree of negative EBAL in early lacta-
tion; Roche et al., 2009a), but intensive selection for 
milk production has resulted in an even greater loss 
of body reserves than would be required for the suste-
nance of a calf (Pryce et al., 2002; Berry et al., 2003). 
This increased prioritization of nutrients and energy 
for milk production has been associated with a decline 
in reproduction (Lucy, 2001), with the inference being 
that reproduction will be improved through the pro-
vision of nutrients that reduce negative EBAL. This 
hypothesis is predicated on the beliefs that (1) all of 
the effect of cow genetics on reproductive failure is a 
result of increased levels of negative EBAL associated 
with selection for increased milk production; and (2) 
the provision of certain feeds or ration ingredients will 
reduce the extent of negative EBAL in grazing cows.
There is logic in this line of postulation, as both in 
vivo and in vitro evidence in grazing systems indicates 
negative effects of BCS loss and positive effects of BW 
gain on the likelihood of attaining a successful preg-
nancy outcome (Buckley et al., 2003; Roche et al., 
2007b). Nutritionists often refer to a “rising plane of 
nutrition” when recommending diets to improve repro-
ductive outcomes. Early lactation EBAL is negatively 
associated with the duration of the postpartum anes-
trous interval, with shorter durations to first ovulation 
associated with a more positive EBAL (Patton et al., 
2007; Roche et al., 2007b, 2009a; Garnsworthy et al., 
2008). In addition, postpartum EBAL is positively as-
sociated with pregnancy rate to first and subsequent in-
seminations (Buckley et al., 2003; Roche et al., 2007b, 
2009a). Roche et al. (2007b) reported that 6- and 12-wk 
pregnancy rates declined 3 to 4% for each additional 
BCS unit lost postpartum (10-point scale; Roche et al., 
2004). The hypothesis is further strengthened by the 
results of multiple studies in which genetic strains, dif-
fering in their origin or propensity for milk production, 
were compared. Results indicated that strains differed 
in both the extent of their postpartum negative EBAL 
and their reproductive success (Jonsson et al., 1999; 
Buckley et al., 2000b; Fulkerson et al., 2001; Horan et 
al., 2004; Macdonald et al., 2008).
The proposed hypothesis also has merit physiologi-
cally. Negative EBAL delays postpartum ovarian ac-
tivity by impinging on the pulsatile secretion of LH, 
reducing follicular responsiveness to LH and FSH, and 
ultimately by suppressing follicular estradiol produc-
tion (Diskin et al., 2003). Beam and Butler (1997) re-
ported that follicles emerging after the negative EBAL 
nadir, rather than before, exhibited greater growth 
and diameter and enhanced estradiol production, and 
were more likely to ovulate. Consistent with the effect 
of negative EBAL on follicle development and oocyte 
quality, embryo competency is compromised shortly 
after fertilization in cows in negative EBAL (Sartori et 
al., 2002; Santos et al., 2004; Leroy et al., 2005). There 
is, therefore, a plausible basis for the hypothesis that 
the greater negative EBAL resulting from genetic selec-
tion for milk production has resulted (i.e., causation) 
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in the lower pregnancy rates recorded in these cows 
and for a role to individually feed cows relative to their 
DIM, milk yield, and BW (or BCS) change.
Several factors are, however, inconsistent with this 
hypothesis. First, de Vries and Veerkamp (2000) re-
ported that only 3 to 4% of the variation in interval 
to first ovulation could be explained by total energy 
deficit or EBAL in early lactation. Second, the recent 
genetic strain comparison studies (Horan et al., 2004; 
Macdonald et al., 2008) indicated a 15-percentage-unit 
difference in 6-wk in-calf rate between North Ameri-
can Holstein-Friesian cows and Holstein Friesian cows 
originating in NZ. However, the difference in BCS loss 
postcalving (i.e., the extent of the negative EBAL) be-
tween these strains only accounted for a 5-percentage-
unit difference in this metric (Roche et al., 2007b). This 
would imply that two-thirds of the difference in 6-wk 
pregnancy rate is not accounted for by the difference in 
early lactation EBAL.
Some of the physiological phenotypes underpinned 
by the genetic selection of these strains have recently 
been elucidated for grazing dairy cows and support the 
hypothesis that factors other than EBAL are respon-
sible for the differences in reproductive success. Walker 
et al. (2012) reported differences in the expression of 
genes in the uterus that are involved in uterine immune 
suppression, embryonic nourishment, maternal preg-
nancy recognition, luteolysis, and implantation prepa-
ration, when they compared North American and NZ 
Holstein-Friesian dairy cows grazing temperate ryegrass 
pastures. The measured differences would increase the 
risk of embryo loss in the North American cow. These 
results are consistent with those recently published by 
Cummins et al. (2012a,b,c) in grazing dairy cows in Ire-
land, wherein cows divergent in their EBV for fertility 
but similar in milk production were compared. There 
was no difference in early lactation EBAL, but there 
were significant differences in reproductive success and 
in many of the associated physiological processes. In 
particular, the sub-fertile cows had a lower concep-
tion to first service (33 vs. 55%) and 6-wk pregnancy 
rate (41 vs. 72%), and a greater number of services/
pregnancy (2.2 vs. 1.4) and days open (calving to con-
ception interval was 114 and 86 d for sub-fertile and 
fertile cows, respectively). Physiological and molecular 
measures support these differences; sub-fertile cows had 
more follicular waves (2.7 vs. 2.2) and a longer estrous 
cycle (25 vs. 21 d). They also had smaller preovula-
tory follicles and corpora lutea and lower circulating 
concentrations of progesterone. Furthermore, a greater 
proportion of sub-fertile cows ovulated to a silent heat 
(22 vs. 2%) and, of those that did exhibit heat, their 
activity was less expressed than the fertile comparison. 
There were also differences in the somatotropic axis, 
with lower circulating concentrations of IGF-1 in the 
sub-fertile cows (Cummins et al., 2012a,b,c). This 
feature has been associated with extended postpartum 
anestrus (Patton et al., 2007). None of these effects 
can be attributed to an effect of EBAL either in early 
lactation or during the breeding period.
Although the effect of genetics on reproduction may 
not be primarily a result of EBAL differences, an argu-
ment could be made that improving EBAL within a 
herd (i.e., within a genotype) will improve reproduction. 
Consistent with this premise, both Buckley et al. (2003) 
and Roche et al. (2007b) reported positive associations 
between change in BW during the breeding period and 
3- and 6-wk pregnancy rates. In a unique experiment, 
Burke et al. (2010b) investigated the importance of the 
energy status of grazing dairy cows during breeding 
(i.e., the rising plane of nutrition). In an experiment 
involving more than 750 multiparous cows, >300 cows 
were subjected to a 45% feed restriction during the 
first 2 wk of the seasonal breeding period. The 3-wk 
submission rate and the 3- and 6-wk pregnancy rates 
were 6, 8, and 7% less, respectively, for the restricted 
cows than for the cows that were adequately fed (i.e., 
94, 53, and 78%, respectively). Although these are size-
able effects on reproduction, the scale of the reproduc-
tive failure must be viewed in the context of the size 
of the nutritional imposition: cows at peak lactation 
and at the onset of breeding in a seasonal reproductive 
program were subjected to a 45% reduction in DMI. 
Energy balance was not measured in that experiment, 
but one would assume that such a restriction in DMI 
would have resulted in a significant negative EBAL at 
a crucial time, despite a significant decrease in milk 
production. The size of this effect is consistent with 
Roche et al. (2007b), who predicted a 1% increase in 
6-wk pregnancy rate for every 0.2 kg/d increase in BW 
gain. Contextualizing this, the small changes in BW 
gain or EBAL elicited through the supplementation of 
grazing dairy cows (Roche et al., 2006a; McCarthy et 
al., 2007) are unlikely to greatly affect reproduction.
An additional factor that must be considered in any 
role for individualized feeding in alleviating the nega-
tive EBAL to improve reproduction is the increasing 
body of evidence indicating that nutrition during the 
period of greatest negative EBAL (i.e., DIM 1–30) has 
only small effects on the homeorhetically directed li-
polysis during this time, as cows have been genetically 
selected to partition nutrients consumed toward milk 
production. Consistent with this failure of nutritional 
strategies to greatly influence early lactation EBAL, 
experimental treatments in which grazing cows have 
been restricted (Burke and Roche, 2007; Burke et al., 
2010b) or provided with additional supplementary 
feeds (Fulkerson et al., 2001; Kennedy et al., 2003; 
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Horan et al., 2004; Kolver et al., 2005; Pedernera et al., 
2008) have failed to positively affect pregnancy rates, 
although in some instances submission rates have been 
improved by the provision of additional feed (Fulkerson 
et al., 2001; Macdonald et al., 2008).
In summary, although the extent of the negative 
EBAL is acknowledged to influence pregnancy rate, the 
published results that relate to grazing dairy systems 
indicate that the majority of the genetic effects associ-
ated with reproductive success or failure are not due to 
the early lactation EBAL. In addition, supplementation 
has only small, if any, effects on EBAL. By extension, 
reproduction will not be improved greatly by nutrition 
strategies aimed at alleviating negative EBAL, mak-
ing it unlikely that individualized feeding of cows to 
alter EBAL will result in significant improvements in 
reproduction.
Diet Composition and Reproduction
Different dietary ingredients result in different ru-
men fermentation patterns and, therefore, differences 
in postruminal products of digestion. On entering the 
blood, these products can have marked effects on blood 
ammonia, urea, and glucose concentrations, which, in 
turn, can affect hormone concentrations and the bal-
ance of hormone axes and, possibly, the composition of 
follicular and uterine fluids. If these nutrition-derived 
physiological subtleties affect reproduction, they could 
provide a valid reason for the individualized feeding of 
dairy cows relative to their DIM or stage of pregnancy.
The effects of altering diet composition for grazing 
dairy cows were extensively reviewed by Roche et al. 
(2011). The focus of this section, therefore, will be on 
the possibility of improving reproduction by manipulat-
ing the diet of individual cows at key times relative to 
breeding. The primary components of the diet that are 
considered most relevant for reproduction are carbo-
hydrate composition (i.e., structural carbohydrates vs. 
NSC), CP, and the associated products of digestion or 
metabolism (i.e., ammonia and urea), and fat (i.e., FA).
Carbohydrate Composition. The type of carbohy-
drate consumed (i.e., structural or nonstructural) has 
been reported to influence both preovulatory and post-
ovulatory reproduction variables, with both structural 
carbohydrates and NSC benefitting different events in 
the reproductive process. Increasing the ratio of NSC 
to structural carbohydrate in an otherwise isoenergetic 
and isonitrogenous diet has been reported to reduce 
the period of postpartum anestrus in TMR-based ra-
tions (Gong et al., 2002; Garnsworthy et al., 2008). 
The effect is probably a result of an insulin-induced 
sensitivity of ovarian follicles to gonadotropins (Rob-
erts et al., 1997; Butler et al., 2004). Insulin and IGF-I 
upregulate the expression of gonadotropin receptors in 
follicles (Diskin, 2008a), thereby enhancing estradiol 
production from granulosa cells (Spicer et al., 1993; 
Gong et al., 2002).
These results are partly consistent with experimental 
results in grazing cows. For example, it has been dem-
onstrated experimentally that the low BCS-induced 
suppression of LH pulsatility in grazing cows can be 
restored with oral administration of a glucogenic/in-
sulinogenic precursor, such as monopropylene glycol 
(Chagas et al., 2007). In comparison, however, a gener-
ous pasture allowance after calving had no such effect in 
either primiparous (Burke et al., 1995) or multiparous 
dairy cows (Burke and Roche, 2007). In support of al-
tering the NSC to structural carbohydrate ratio in early 
lactation, Burke et al. (2010a) reported that the dura-
tion of postpartum anestrus was 8 d less in multiparous 
grazing dairy cows when NSC to structural carbohy-
drate ratio was increased in an otherwise isoenergetic 
diet, and Fulkerson et al. (2001) reported an earlier 
resumption of ovulation and earlier estrous detection 
with increasing level of GBC (NSC) supplementation. 
These data indicate a reproductive benefit to providing 
dairy cows with NSC during early lactation.
However, the effect of glucogenic/insulinogenic 
precursors on postpartum anestrus is not consistent. 
Kolver et al. (2005, 2006) reported increased insulin 
and IGF-1 concentrations in cows consuming either 3 
or 6 kg DM of a high-starch concentrate but no effect 
of concentrate feeding on time to estrus or pregnancy 
rates. Horan et al. (2004) and Kennedy et al. (2003) 
investigated responses to supplements in cows dif-
fering in their genetic merit for milk production and 
survival traits and reported no effect of diet on either 
the duration of postpartum anestrus or pregnancy 
rates. Similarly, Pedernera et al. (2008) offered diets 
designed to achieve 6,000 or 9,000 L of milk/lactation 
and detected no difference in reproduction outcomes, 
despite a significant increase in IGF-1 concentration 
in cows fed to achieve higher production. On-farm 
studies investigating the use of a glucogenic supple-
ment, proven in research experiments to advance the 
timing of first postpartum ovulation, have also been 
disappointing. Chagas et al. (2010) tested the effect 
of drenching monopropylene glycol in 4 herds gener-
ally characterized as having low cow BCS. Milk protein 
percentage was significantly increased, confirming the 
insulinogenic effect of the diet (Rius et al., 2010), but 
there was no reproductive benefit.
The reason for the difference in the ovulatory re-
sponse to NSC in these grazing experiments is not 
clear; however, it may rest in the effect of supplement 
on cow metabolism. In the experiments that indicated a 
positive response to NSC provision in both grazing and 
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TMR-based systems (Gong et al., 2002; Chagas et al., 
2007; Garnsworthy et al., 2008; Burke et al., 2010a), 
ME intake was controlled and milk energy output was 
not changed. For the most part, when NSC was pro-
vided as a supplement to pasture, thereby increasing 
ME intake and milk energy output (Kennedy et al., 
2003; Horan et al., 2004; Kolver et al., 2005, 2006), the 
time to ovulation was not decreased. The effect of NSC 
and the NSC to structural carbohydrate ratio requires 
further investigation in grazing dairy cows.
The effect of NSC on reproduction is even more in-
triguing, however, because the effect on postovulatory 
fertility appears to be negative, with reduced pregnan-
cy rates in cows receiving NSC supplements compared 
with fermentable fiber supplements (O’Callaghan and 
Boland, 1999; Adamiak et al., 2005, 2006). In a se-
ries of experiments (O’Callaghan and Boland, 1999), 
oocyte and embryo quality declined with increasing 
concentrate supplementation. In addition, the effect 
was particularly apparent when the concentrate was 
starch-based compared with a fermentable fiber-based 
supplement. The physiological mechanisms involved re-
main poorly understood but, as in the case for preovu-
latory performance, appear to be under the influence 
of glucose or glucose-derived metabolites or hormones 
(e.g., insulin or IGF-1). Glucose infusions before su-
perovulation in ewes have resulted in reduced quality 
embryos (Yaakub et al., 1997), and glucose infusion is 
reported to reduce pregnancy rate (Rubio et al., 1997). 
Consistent with these infusion studies, glucogenic diets 
have been reported to reduce blastocyst rate in heifers 
and cows (Adamiak et al., 2005, 2006; Fouladi-Nashta 
et al., 2007). In comparison, fermentable fiber supple-
ments have been reported to benefit embryo develop-
ment (O’Callaghan and Boland, 1999).
In summary, these data indicate that the nutrient 
requirements for early resumption of ovarian cycles, fol-
licle development, and embryo development are differ-
ent at each of these different stages in the reproductive 
cycle, reflecting a potential advantage to individualized 
feeding to alter dietary ingredients through early lacta-
tion, thereby ensuring early resumption of estrus and 
excellent quality embryos. Such a diet would have high 
NSC until estrus is achieved, followed by a diet that 
did not promote insulin secretion until the end of the 
breeding season (Garnsworthy et al., 2009). However, 
further research is required on the effects of such a 
management protocol in pasture-based systems.
Dietary Protein. The effect of protein nutrition on 
reproductive physiology in dairy cattle has been contro-
versial for more than 20 yr, with a general acceptance 
that dietary CP and, in particular, RDP negatively 
affects pregnancy rate (Butler, 1998). Because cows 
grazing fresh forage frequently ingest RDP surplus to 
microbial growth requirements, particularly during the 
breeding season (Roche et al., 2009a), this is an impor-
tant nutritional area for consideration.
Preovulatory effects of dietary CP are inconsistent, 
with no effect and positive and negative effects on time 
to first estrus. For example, Garcia-Bojalil et al. (1994) 
offered diets differing greatly in their CP content (12 
and 27% DM) and resulting BUN concentration (9.8 
and 21.3 mg/dL, respectively). They reported no dif-
ferences in the number or percentages of preovulatory, 
anovulatory, and ovulatory follicles induced during 
superovulation. In comparison, Jordan and Swanson 
(1979) reported fewer days to first observed estrus (14 
d postpartum) in cows receiving a high CP (19% DM) 
ration and Ordonez et al. (2007) reported a shorter 
postpartum anestrus interval (6 d) in cows grazing 
nitrogen-fertilized pastures. In direct contradiction, 
Barton et al. (1996) reported a delay of 4 d in the 
time to first estrus in cows receiving a diet containing 
20% DM CP compared with one containing 13% DM, 
and Westwood et al. (2000) noted delayed resumption 
of estrous activity in cows consuming more RDP. The 
reason for the inconsistency in the effect of dietary CP 
on ovulatory function is not known, but the collated 
data indicate that dietary CP content in early lacta-
tion has little effect on follicle development and time to 
first postpartum estrus. Nutritional strategies to reduce 
BUN are, therefore, unlikely to result in a greater sub-
mission rate.
At first glance, the effect of dietary CP on pregnancy 
rate is much more consistent, with the majority of 
studies suggesting a negative effect of excess RDP on 
the probability of conception (Ferguson et al., 1988, 
1993; Ferguson and Chalupa, 1989; Westwood et al., 
1998, 2000; Rajala-Schultz et al., 2001; Arunvipas et 
al., 2003). Physiologically, high BUN and associated 
elevated concentrations of blood ammonia have been 
implicated in embryo degeneration and alterations to 
the uterine environment (Butler, 1998). Using BUN 
concentration as an indicator of surplus RDP, Ferguson 
et al. (1988, 1993) reported reduced likelihood of a suc-
cessful pregnancy at BUN concentrations >20 mg/dL 
(3.3 mmol/L). Consistent with this, Rajala-Schultz et 
al. (2001) reported that cows with MUN concentrations 
<10.0 and between 10.0 and 12.7 mg/dL were 2.4 and 
1.4 times more likely to be confirmed pregnant than 
cows with MUN values >15.4 mg/dL, respectively. 
Similarly, MUN concentrations >15.5 mg/dL were as-
sociated with a 37% reduction in the odds of concep-
tion in Canadian dairy cattle (Arunvipas et al., 2003), 
and dietary CP tended to be negatively associated with 
the likelihood of a cow to conceive. In comparison, 
Westwood et al. (2000) reported a lower conception 
rate to first service (45 vs. 72%) in cows receiving a 
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diet high in RDP, although BUN was not affected by 
treatment. They speculated that the effect was a result 
of the greater negative EBAL in cows receiving more 
RDP but did not rule out an effect of by-products of 
protein metabolism. In a recent meta-analysis includ-
ing 21 studies, Lean et al. (2012) also concluded that 
the likelihood of pregnancy was lowered with increasing 
soluble protein in the diet.
The majority of studies reporting a negative effect 
of CP on fertility have been undertaken in cows be-
ing fed a TMR containing low to moderate dietary CP 
concentrations relative to the CP content of temper-
ate pastures. Cows grazing temperate pastures often 
have blood and MUN well in excess of the “ideal” 
concentrations reported. For example, Roche et al. 
(2005) reported BUN concentrations of 42.0 mg/dL 
and MUN concentrations of 40.5 mg/dL in dairy cows 
grazing high CP pastures (29% DM) in early lactation. 
Similarly, Kolver and Macmillan (1994) reported BUN 
concentrations increasing from 28.5mg/dL at calving to 
42.0 mg/dL at 8 wk in milk, and Ordonez et al. (2007) 
noted BUN of >60 mg/dL in early lactation cows graz-
ing nitrogen-fertilized pastures. If dietary CP, RDP, 
or BUN were negatively associated with reproductive 
outcomes, these data suggest that the problem should 
be greatest in grazing cows. Pregnancy rates, however, 
tend to be high in such systems (Horan et al., 2004; 
Burke et al., 2008) and do not appear to be influenced 
by dietary CP content or BUN concentration. Kenny 
et al. (2001, 2002) investigated the effect of dietary CP 
and fermentable energy supplementation on pregnancy 
outcomes in beef heifers. They concluded that although 
blood urea concentrations were 77% greater in their 
high CP treatments (29.9 vs. 16.9 mg/dL), embryo sur-
vival was not affected and, in fact, embryo weight was 
greater in heifers receiving the high CP diet (Kenny 
et al., 2001). Ordonez et al. (2007) also reported no 
difference in embryo survival in dairy cows grazing 25 
or 22% DM CP pastures, despite the very large differ-
ences in BUN (55 vs. 36 mg/dL). Consistent with these 
data from grazing systems, Garcia-Bojalil et al. (1994) 
reported no difference in numbers or percentages of 
normal embryos, abnormal or retarded embryos, and 
unfertilized ova in nonlactating cows offered either 12 
or 27% DM CP diets (BUN = 9.8 and 21.3 mg/dL, 
respectively).
In summary, there are sound physiological reasons for 
a negative effect of metabolites originating from surplus 
RDP on embryo survival, and consistent evidence shows 
a negative association between BUN and the probabil-
ity of conception in vitro and in TMR-fed cows. Data 
from grazing systems, however, indicate a lack of effect 
of dietary CP, BUN, or MUN on fertility outcomes 
and this is consistent with the high conception rates 
in fertile dairy cow strains in these systems (Horan et 
al., 2004; Ordonez et al., 2007; Macdonald et al., 2008; 
Cummins et al., 2012a), despite the high dietary CP 
and the associated high BUN (Kolver and Macmillan, 
1994; Roche et al., 2005; Ordonez et al., 2007). The 
reason for this inconsistency is not known, but may 
reflect genetic selection for urea or ammonia tolerance 
in cows exposed to high CP pastures, an adaptation to 
high CP diets through time, or possibly a limitation of 
the observational approach to scientific learning (i.e., 
the relationship between BUN and reproduction merely 
masks another causal relationship). Nevertheless, cur-
rent data do not indicate a reproduction benefit to re-
ducing dietary CP in pasture-based systems and there 
is no evidence, in these systems, that manipulating the 
makeup of CP will benefit reproduction. To improve 
our understanding of reproductive failure, large-scale 
intervention-type studies are needed to glean a greater 
understanding of the role of CP, soluble CP, and RDP 
on reproduction in grazing systems and, importantly, 
the physiological mechanisms that protect the grazing 
dairy cow from excess RDP.
Dietary Fat. The rationale behind altering dietary 
fat to improve reproduction outcomes is 2-fold: to in-
crease ME intake (Lucy et al., 1992) and take advan-
tage of positive physiological effects of FA in reproduc-
tive tissues (Mattos et al., 2000; Wathes et al., 2007). 
However, the influence of dietary fat on reproductive 
performance is poorly understood because much of the 
published data come from studies having nutritional 
rather than reproductive objectives (Staples et al., 
1998).
The potential benefit of fat supplementation on ovar-
ian function was validated in early postpartum cows by 
Lucy et al. (1991), who reported enhanced growth and 
function of the dominant ovarian follicle in cows sup-
plemented with 2.2% DM of calcium salts of long-chain 
unsaturated FA (UFA; Megalac, Church and Dwight 
Co. Inc., Princeton, NJ). Further research indicated 
that the positive effect of fat supplementation in early 
lactation was not due to improved EBAL, per se, but 
rather through a more direct effect on follicular func-
tion (Lucy et al., 1993). A likely explanation for this 
mechanistic action of fat involves the ovarian require-
ment for cholesterol to synthesize steroids (Gwynne 
and Strauss, 1982; Staples et al., 1998). Dietary fat 
consistently increases plasma cholesterol concentration 
in cows (Grummer and Carroll, 1991). Westwood et al. 
(2002) reported that higher concentrations of plasma 
cholesterol were associated with a shorter interval from 
calving to conception and a greater probability of con-
ception and successful pregnancy by d 150 of lactation, 
a finding consistent with those of Kappel et al. (1984) 
and Ruegg et al. (1992), who also reported associations 
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between cholesterol concentrations and fertility mea-
sures. Similarly, Moss (2001) reported that low blood 
cholesterol concentrations at mating were strongly as-
sociated with conception failure.
The effect of fat on steroid production appears lim-
ited to long-chain UFA. Zachut et al. (2008) reported 
increased follicular androstenedione and estradiol con-
centrations and a greater expression of P450 aromatase 
mRNA in granulosa cells in cows supplemented with 
long-chain UFA but not those supplemented with SFA 
(C16:0 and C18:0). In agreement with the hypothesis 
that UFA directly affect ovarian function, the total 
number of follicles, the size of the preovulatory follicle, 
and NEFA and insulin contents in follicular fluid have 
all been increased in cows supplemented with long-
chain UFA (Mattos et al., 2000; Zachut et al., 2008). 
In addition to the positive effect of UFA on follicular 
competency and oocyte quality, Scott et al. (1995) re-
ported that a greater proportion of cows fed long-chain 
UFA displayed stronger signs of estrus compared with 
unsupplemented cows. These data reflect a positive ef-
fect of dietary UFA on preovulatory and periestrous 
physiology and create an expectation for an improved 
submission rate with UFA supplementation. The re-
search, however, originates in relatively low-fat diets 
and few data are available on likely implications for 
cows grazing fresh forages already high in PUFA (Kay 
et al., 2005; Wales et al., 2009). With fresh temperate-
grass pastures containing 4 to 6% FA (Roche et al., 
2009b) of which >70% are long-chain UFA (Kay et al., 
2005; Kay et al., 2006), supplementation is less likely to 
improve ovarian function and preovulatory reproduc-
tive success. In support of this statement, Kay et al. 
(2006) supplemented cows grazing perennial ryegrass-
dominant pastures with 1 of 2 sources of rumen pro-
tected FA; the sources were isolipid (~520 g/d added 
lipid) but differed in their SFA to UFA ratio (62:38% 
and 29:71% SFA to UFA, respectively). Results from 
that experiment indicate no effect of supplementary FA 
or the composition of the FA supplement on the dura-
tion of the postpartum anovulatory interval, although 
negative EBAL was less in supplemented cows (J. R. 
Roche, unpublished data). These results may reflect the 
already high PUFA content of temperate pastures (Kay 
et al., 2005; Wales et al., 2009), with additional UFA 
failing to add benefit, or it may reflect the lower milk 
production of grazing cows and the associated lower 
metabolic challenge.
Considerable evidence indicates that dietary long-
chain PUFA act as specific regulators of postovulatory 
reproductive processes, but the effects are inconsistent 
in vitro and in vivo and there is a paucity of informa-
tion on the effect of supplementary fat in grazing sys-
tems. Dietary FA can affect postovulatory reproductive 
function in 2 ways: (1) by affecting oocyte and embryo 
quality, and (2) by altering the maternal physiologi-
cal processes involved in luteal regression, preventing 
the prostaglandin-induced termination of progesterone 
synthesis
Endometrial FA reflect dietary FA (Bilby et al., 2006; 
Childs et al., 2008; Meier et al., 2009). For example, 
Meier et al. (2009) reported a 50% greater n-3 to n-6 
ratio in the endometrium of grazing cows than tradi-
tionally reported for cows fed TMR (from 10 to >15.5; 
Bilby et al., 2006; Childs et al., 2008), consistent with 
the expected differences in dietary PUFA composi-
tion (Kay et al., 2005). These data reflect a better FA 
composition in the diet of grazing dairy cows from a 
reproduction standpoint than cows fed an unamelio-
rated TMR.
The effect of dietary FA composition has been vari-
able, with some reports of enhanced effects to changes 
in FA content and ratios on early embryo development 
and with other reports concluding no effect and even 
negative effects (for a complete review, see Roche et 
al., 2011). The reasons for the inconsistent effects of 
dietary fat content and FA composition on oocyte and 
embryo quality are not known and make recommenda-
tions to improve fertility impossible.
The inconsistent effects of dietary and tissue FA 
content on reproduction variables are difficult to in-
terpret, and few studies have reported the effect of fat 
supplements on either conception rate or early embryo 
mortality. Staples et al. (1998) examined 100 research 
papers in which the effect of fat on reproduction was 
reported. Of those reporting conception rates, 11 stud-
ies observed positive effects or a tendency for a positive 
effect, whereas 3 studies reported strong negative ef-
fects. Since that review, one of the few studies reporting 
pregnancy losses, Ambrose et al. (2006), reported that 
a flaxseed (primarily n-3 PUFA: C18:3) supplement 
reduced pregnancy losses and increased conception 
rate to timed AI when compared with a sunflower seed 
(primarily n-6 PUFA: C18:2) supplement. A similar 
tendency for embryo mortality was reported by Petit 
and Twagiramungu (2006) when flaxseed was compared 
with other fat sources. These data indicate benefits of 
n-3 PUFA on pregnancy rate. More recently, Juchem et 
al. (2010) reported that a calcium salt rich in linoleic 
and other trans-octadecenoic acids resulted in greater 
pregnancy rates at 27 and 41 d after insemination com-
pared with cows fed palm oil, suggesting a benefit of 
n-6 PUFA over SFA.
Although fresh pastures tend to be high in n-3 PUFA, 
increasing concentrate supplementation will result in a 
lowering of dietary fat percentage and shift in the di-
etary FA profile from n-3 PUFA to n-6 PUFA. In addi-
tion, with increasing grain supplementation, predicted 
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MP deficiencies can lead to the inclusion of oilseed 
by-products. This leads to changes in dietary FA com-
position. It is unclear exactly what effect this will have 
on reproduction, but it may, in certain circumstances 
(e.g., where pasture fat percentage declines in summer 
or where a high proportion of the diet is conserved for-
ages that are low in fat) create an environment wherein 
addition of FA to the diet would be beneficial from a 
reproductive perspective. However, for individualized 
fat feeding strategies to be effective, there needs to be 
a greater understanding of the role of particular FA in 
pre- and postovulatory reproductive physiology when 
using fresh temperature pasture as the base feed.
In summary, the effects of dietary fat and the type 
of fat consumed on reproductive outcomes is difficult 
to interpret. Supplementing cows receiving a low fat 
(<2% DM) diet with rumen-protected FA reduced the 
duration of postpartum anestrus. The effect of FA type 
(SFA, MUFA, or PUFA) or FA grouping (n-3 or n-6) 
on reproduction variables is inconclusive. Reasons for 
the inconsistency in research results are unclear and 
the area requires further investigation. From what is 
known, cows grazing fresh forages tend to have high 
concentrations of dietary fat (>4% DM), of which 
more than 50% are n-3 PUFA and more than 25% are 
n-6 PUFA. The amount of fat and the balance of n-3 
PUFA to n-6 PUFA would, therefore, appear sufficient 
for optimal ovarian function and to ensure maximum 
pregnancy rates. Supplementing grazing cows with FA 
is unlikely to be beneficial.
Potential for Individualized Feeding to Improve 
Reproduction in Grazing Dairy Cows
Diet composition has a putative role in reproductive 
success and failure. There is evidence for an anestrus-
reducing effect of altering the NSC to structural 
carbohydrate ratio in early lactation; however, supple-
mentation with NSC in pasture-based systems does not 
appear to elicit this effect. In addition, a high NSC 
to structural carbohydrate ratio reportedly results in 
greater embryo mortality. Further research is required 
to better understand the effect of carbohydrate type on 
pre- and postovulatory reproductive function because, 
if influential, there is a potential role for individualized 
feeding of different feed ingredients to dairy cows at 
different DIM or relative to their reproduction stage.
The effect of CP, soluble CP, and RDP in repro-
ductive function is not clear. Pasture-based evidence 
does not support a role for altering protein amount 
or composition from a reproductive standpoint, but 
there is a paucity of large-scale interventionist studies 
to confirm this. This is an area for future research effort 
in grazing systems. Like CP, the effects of dietary fat 
and FA composition are not clear, but with increasing 
supplement provision in grazing systems, there may be 
an advantage to the addition of specific FA to the ra-
tion. Further research is required to determine the role 
of FA on pre- and postovulatory reproductive function.
A FARMING SYSTEMS APPROACH  
TO INDIVIDUALIZED FEEDING OF CONCENTRATE 
SUPPLEMENTS IN A PASTURE-BASED SYSTEM
Relatively simple automated decision trees for al-
location of concentrate supplements, usually based on 
milk production, BW, or both, are used by most farms 
that possess technology for individualized feeding. This 
review has identified complexities in both cow- and 
system-level parameters (e.g., pasture allowance and 
substitution rate, among others) that could affect an 
individual cow’s response to a particular supplement. 
It is necessary to consider these parameters when 
determining how best to allocate supplements to in-
dividual cows. The potential use of parameters other 
than milk yield and BW is currently limited by the lack 
of routinely available data of suitable quality that could 
be used to support a decision-making process and by 
knowledge of what combination of parameters could be 
used to achieve the most efficient response to supple-
ments.
Below is a summary of the parameters identified in 
this review that could be used as part of a whole-system 
decision-support model to individualize concentrate 
supplements for optimal productivity in pasture-based 
dairy system.
Milk Yield, BW, and BCS
Where current or 7-d rolling average milk produc-
tion is measured, individual cow supplementary feeding 
levels can be increased until a reduction in the milk 
response to this feed occurs. A potential problem with 
using milk production alone is that it only takes into 
account the short-term milk response to the supple-
ment. In a farming systems context, the optimum re-
sponse to a supplement needs to take into account not 
only the immediate milk response to the supplement, 
but also overall expenditure associated with return-
ing a cow to optimum body condition before the next 
lactation. Cows ideally should calve between BCS 3.0 
and 3.25 (5-point scale; equivalent to 5.0 to 5.25 on 
an 8-point scale or 5.0 to 5.5 on a 10-point scale) to 
allow for near-maximum milk production and to fully 
utilize the genetic merit of the cows, while ensuring 
that subsequent reproductive performance, health, 
and animal welfare are not compromised (Roche et al., 
2009a). In this context, BW could be used in addition 
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to milk production to enable adjustment of the amount 
or type of supplementary feed offered that achieves a 
target BW precalving. However, BW alone may not be 
as indicative as BCS of the optimum condition required 
precalving; BW explains less than 25% of the variation 
in BCS (Roche et al., 2009a). Technology to enable 
regular automated collection of BCS is being developed 
(e.g., Ferguson et al., 2006; Bewley et al., 2008) and 
could be used instead of BW to ensure cows are fed to 
achieve the target precalving body condition.
Yield of Milk Components
As highlighted in the review, it may be of benefit to 
focus on milk component responses rather than milk 
volume changes, because differing payment schedules 
exist in many markets. This is becoming a real pos-
sibility with new technology providing real-time assess-
ments of the fat and protein content of individual cow’s 
milk during milking. To date, no research has compared 
flat-rate and individualized feeding in pasture-based 
systems using the response of individual cow milk com-
ponents to supplementary feeds as a basis for determin-
ing appropriate levels of supplementation.
EBV for Milk or Milk Components Yield
Using a measure of individual genetic merit could be 
useful in targeting expected response to supplements. 
For example, targeting supplement feeding levels based 
on EBV for milk fat and protein yields could allow for 
greater marginal milk production responses to supple-
mentary feeds. In addition, the differential between 
potential genetic merit for milk yield and actual milk 
yield could be targeted using the hypothesis that cows 
with a greater differential between potential and actual 
milk yield may respond better to increases in concen-
trate supplement (Fulkerson et al., 2008).
Pasture DMI, Grazing Behavior,  
and Substitution Rate
Although a measure of pasture DMI and substitution 
rate is important in determining the optimum response 
to supplements in pasture-based systems, the ability to 
routinely measure pasture DMI and substitution rate 
at the individual animal level is not yet possible. Sen-
sors that measure cow activity (including grazing time) 
could be used as a surrogate measure of pasture DMI 
response to differing levels of supplementary feed, but 
further research is required to determine the ability of 
sensors that measure activity and other behaviors to 
predict DMI.
Of particular interest is the identification of suit-
able biomarkers that are linked to voluntary pasture 
and total DMI and substitution rates. This review has 
identified the importance of neuroendocrine factors 
(e.g., ghrelin) in regulating the pasture DMI response 
to supplementary feeds and could, therefore, be used 
in the selection of cows that produce more milk from 
every kilogram of supplement consumed, thereby en-
hancing feed conversion efficiency in grazing systems. 
However, further research would need to be conducted 
to determine if selection of animals on the basis of re-
duced substitution and increased marginal response to 
the supplement is not going to be at the cost of some 
other associative trait (e.g., fertility).
Nutrient Contents of the Pasture and Supplement
Any increase in production through supplementation 
will be determined by the most limiting resource, with 
ME intake being the factor that usually limits produc-
tion in cows grazing high-quality pastures (high ME 
and CP content) at low to medium levels of supple-
mentation. Other factors such as CP or individual AA 
deficiencies may limit production when the level of 
supplementation exceeds 30 to 50% of DMI. This is 
particularly the case where low-CP GBC supplements 
are used, leading to a requirement to “balance” the 
concentrate supplement for the most limiting nutri-
tional factor through individualized feeding of different 
feed ingredients. For each situation, diet composition 
and cow production parameters need to be modeled 
to determine the nutrient limitation cascade, taking 
into account both the deficiencies and oversupply of 
particular feed ingredients. For this to be possible, an 
assessment of the nutrient content of both the pasture 
and supplement is required. Regular assessment of the 
nutrient content of pasture could be achieved using 
near infrared technology (Foley et al., 2010). A limit-
ing factor with regard to applying this to individual 
animals is the large variation in nutritive value within 
a pasture allocation and, therefore, what is being 
consumed by individual dairy cows in the same herd 
(Delagarde et al., 2000; Clark, 2013), partly because of 
the variation in time cows arrive back at pasture after 
milking. The time of milking or bail placement order 
could be used as a parameter to assist with account-
ing for the variability, but further research needs to be 
conducted to determine the correlation between these 
parameters and the nutritive value of pasture on offer 
and the marginal response to supplementary feeds. If 
a good correlation is established, it may be possible to 
match energy and protein supplementary requirements 
to the predicted pasture nutritive value that each cow 
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in the herd accesses. Whether this would be beneficial 
should be investigated because, in most circumstances, 
it is not the nutritive value of the pasture, per se, that 
is the issue, but the pasture allowance and the quantity 
and nutritive value of the supplement offered.
Health
Any automated system used to assist with determin-
ing optimum supply of supplements to individual cows 
should also take into account the implications of the 
concentrate supplement upon the health status of each 
cow. For example, if using individual milk yield response 
to concentrate DMI level without monitoring for rumen 
health parameters, excessive concentrate DMI may oc-
cur, leading to an increase in acidosis and other related 
conditions such as laminitis.
Measurements of rumen pH, rumen temperature, and 
the level of active rumination may indicate the onset of 
conditions such as acidosis, but further research needs 
to be conducted to find better correlations between 
measures of rumen function and susceptibility to condi-
tions such as acidosis. Further development of technol-
ogy is needed to measure parameters such as rumen 
pH and rumen temperature to enable long-term reliable 
automated collection of this type of data. There may be 
opportunities to provide rumen modifiers to cows that 
are identified as being at risk for acidosis because of 
the allocation of high levels of NSC-based concentrates, 
but the benefits of these for preventing acidosis at high 
levels of NSC supplementation is debatable.
Reproductive Traits
Several strategies have been highlighted in this re-
view that could improve reproductive outcomes of 
cows through targeted feeding of different ingredients 
relative to the cow’s reproductive stage (DIM). For 
example, altering the NSC to structural carbohydrate 
ratio in early lactation could lead to a shortened period 
of anestrus, although further research in pasture-based 
systems is required to confirm this effect, particularly 
as it relates to individual variability. Further research 
is also required on the effect of type of carbohydrate 
pre- and postovulation. From a reproductive perspec-
tive, current pasture-based research evidence does not 
support altering protein amount or composition, but 
there are too few large-scale interventionist studies to 
confirm this view. The role of additional dietary fat is 
also uncertain, but there may be an advantage in feed-
ing specific FA at specific reproductive stages, although 
further research is required to determine the role of FA 
on pre- and postovulatory reproductive function.
Other Parameters
Other parameters that could be considered as part of 
an algorithm for the allocation of concentrate supple-
ments to grazing dairy cows include environmental 
measurements, such as ambient temperature, humidity, 
and wind speed, as well as physical effects on cows 
associated with ambulation, both distance and eleva-
tion. These parameters may assist in adjusting the level 
of supplement allocated to animals grazing pasture to 
accommodate potential welfare concerns in addition to 
optimizing production and profitability on farm.
It will be challenging to integrate and interpret the 
significant amounts of information collected to enable 
meaningful and profitable feeding decisions for indi-
vidual cows within a herd. This will require the devel-
opment of intelligent decision-support systems capable 
of processing and interpreting all the incoming data 
to achieve meaningful decisions. Via this intelligent 
decision-support system, farmers could allocate differ-
ent supplements to individual cows based on complex 
algorithms that include details about the feed (pasture 
type, grain type), animal (genetic merit, BW, BCS, 
specific biomarkers), and environmental parameters 
(heat or cold stress) rather than just 1 or 2 parameters, 
such as milk yield and BW, as is currently the case for 
farms with automated feeding technology.
CONCLUSIONS AND RECOMMENDATIONS
The existence of variability between animals is criti-
cal in achieving potential benefits from individualized 
management strategies, such as supplementary feeding. 
Variability between animals in their response to concen-
trate supplements provides an opportunity to optimize 
the use of feed supplements at an individual cow level. 
Although much of the past research conducted under 
conditions of ad libitum feeding failed to identify any 
advantage to individualized feeding strategies, there is 
a need to determine responses to individualized feed-
ing strategies in rotational grazing situations, in which 
pasture allowance is restricted.
This review highlights the complexity in determin-
ing responses to supplementary feeds and has provided 
compelling evidence that both cow-level (e.g., geno-
type, parity, DIM, BW, BCS, DMI) and system-level 
(e.g., pasture allowance and other grazing management 
strategies and climate) parameters can influence the 
marginal milk production response to supplements. The 
challenge remains to identify the parameters or combi-
nation of parameters that may enable improvement in 
the marginal milk production response to supplements 
as a result of a reallocation of supplements according 
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to individual cow requirements rather than at the same 
flat rate to all animals in the herd.
The significant gaps in our understanding of the 
consequences of individualized feeding in a restricted 
pasture-based grazing system highlight the current 
need to develop an integrated research program that 
analyzes the potential of parameters discussed in this 
review, under more controlled research conditions and 
under differing systems. Of particular priority in pas-
ture-based systems is research to quantify the variation 
in DMI between animals and the nutritive content of 
pasture consumed. Although pasture DMI and nutritive 
content cannot currently be measured routinely, these 
2 factors have the potential to significantly affect both 
milk and BCS response to concentrate supplements.
There is also a need for longer-term comparisons of 
flat-rate feeding with individualized feeding in restrict-
ed pasture-based dairy systems. The research should be 
designed to allow for not just the comparison of feeding 
systems, but also the acquisition of key data that could 
be used to develop new algorithms, which may, in turn, 
improve the way supplements are fed to cows. Gain-
ing a better understanding of the potential benefits for 
individualized feeding will enable an assessment of the 
cost:benefit ratio for investing in the technology for 
individualized feeding.
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